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ABSTRACT 
AML1 gene belongs to a class of transcription factor genes frequently deregulated in leukemia. 

The objectives of this study are: 1) to develop the molecular assays for the detection of genetic 
abnormalities involving AML1 gene, particularly, AML1-ETO gene rearrangement and AML1 point 
mutation, 2) to determine the incidence of AML1-ETO gene rearrangement and type of AML1 point 
mutation in Thai adult de novo acute myeloid leukemia (AML) population, 3) to explore if AML1-ETO 
gene rearrangement and AML1 point mutation have any unique association with patients’ clinical 
features and immunophenotypes, and 4) to determine if FLT3 tyrosine kinase receptor mutation coexists 
in patients with AML1 gene abnormalities. 

Semi nested reverse transcriptase-polymerase chain reaction (RT-PCR) was performed to 
detect AML1-ETO fusion gene generated by t(8;21). AML1 mutations of exons 3, 4, and 5 were 
screened by polymerase chain reaction-single strand conformational polymorphism (PCR-SSCP) 
analysis followed by sequencing analysis. FLT3 mutations were analyzed by standard PCR analysis to 
detect FLT3 internal tandem duplication (ITD) mutation. FLT3-tyrosine kinase domain (TKD) mutation 
in codon 835 was screened by restriction fragment length polymorphism (RFLP) analysis using EcoRV 
enzyme. Immunophenotyping and karyotyping of leukemic cells were carried out according to the 
standard methods. 

AML1-ETO fusion gene was detected in 16 of 108 studied cases (15%) and predominantly 
found in AML-M2 subtype (38%). AML-M2 patients with AML1-ETO were significantly younger than 
patients without the fusion gene (average 36 vs 43, respectively) (p<0.05). Eighty-six percent of patients 
with AML1-ETO expressed CD56 antigen as compared to 47% of those without (p<0.05). CD117 and 
CD34 antigens were also highly expressed in patients with AML1-ETO. AML-M2 patients with t(8;21) 
and AML1-ETO fusion gene had a high rate of sex chromosome loss (41%) as compared to other 
subtypes. 

Sixteen of 414 patients (4%) had AML1 mutation. The majority were young adults 
predominantly categorized as M4, M5, or M6 (50%). Interestingly, the highest incidence of AML1 
mutation in the Thai population was found in non-M0 subtype, i.e. AML-M6 (25%) followed by M5 
(6.3%) and M4 (6%), respectively. Eight novel and four known mutations were found. Five novel 
mutations were found in exon 4 including c.341C>T, c.416_417ins9, c.422_423ins9, c.292delC and 
c.359C>A with one novel mutation, c.231_232dupGC, in exon 3. Additionally, a novel duplication of 5 
nucleotides in intron 3 (dup5 in IVS3-5) and a deletion of 17 nucleotides in intron 5 (del17 in IVS5+41) 
were also found. Four known mutations were c.238C>T, c.210delC, c.343_364dup22, and c.524G>A. 
Half of the mutated AML1 cases had coexisting chromosomal abnormalities including t(16;21), t(8;21), 
21q+, +8, -7, del(5q), and del(9q). FLT3 mutation was found frequently in patients harboring AML1 
point mutation (25%) but in only 6.25% of patients with AML1-ETO.   

In conclusion, deregulation mechanisms of AML1 gene in Thai adult AML patients were 
identified, i.e. translocation and point mutation. All cases with t(8;21) had detectable AML1-ETO by 
RT-PCR assay. CD56 antigen was found to be associated with the presence of AML1-ETO gene. Eight 
novel mutations of AML1 gene were discovered. As no other reports described AML1 mutation in M6 
patients, this study represents the first series to report two cases of AML-M6 with AML1 mutations, 
both with a novel mutation. The prognostic significance of these novel mutations should be further 
determined in a larger population. The current molecular methods that were developed for the detection 
of AML1-ETO fusion gene and AML1 mutation in this study should be of value for future molecular 
classification and genetic risk-stratification of adult AML patients in Thailand. 
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การศึกษาลักษณะระดับโมเลกุลของยีน AML1 ในโรคมะเร็งเม็ดเลือดขาวสายมัยอีลอยดชนิดเฉียบพลัน 
(MOLECULAR CHARACTERIZATION OF AML1 GENE IN ACUTE MYELOID 
LEUKEMIA) 
อําพร  ลีเจริญเกียรติ  4636407 SIIM/M 
วท.ม. (วิทยาภูมิคุมกัน) 
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บทคัดยอ 
 ยีน AML1 เปนหนึ่งในกลุมยีน transcription factor ที่พบบอยในผูปวยโรคมะเร็งเม็ดเลือด วัตถุประสงคของการศึกษานี้ไดแก 1) พัฒนา
เทคนิคดานอณูชีววิทยาเพื่อใชในการศึกษาความผิดปกติที่เกี่ยวของกับยีน AML1 2) เพื่อหาอุบัติการณของยีนลูกผสม AML1-ETO และ การกลาย
พันธุของยีน AML1 3) เพื่อหาความสัมพันธของยีนลูกผสม AML1-ETO และ การกลายพันธุของยีน AML1 ตอลักษณะทางคลินิกและ ผลอิมมูโนฟ
โนทัยปของผูปวย และ 4) เพื่อศึกษาความสัมพันธระหวางความผิดปกติของยีน FLT3 ซึ่งเปนอยูในกลุม tyrosine kinase receptor กับความผิดปกติ
ของยีน AML1 
 เทคนิค semi nested reverse transcriptase-polymerase chain reaction (RT-PCR) ไดถูกพัฒนาเพื่อใชตรวจยีนลูกผสม AML1-ETO  
ซึ่งเกิดจากการแลกเปลี่ยนชิ้นสวนระหวางโครโมโซมที่ 8 กับ 21 สวนการตรวจการกลายพันธุของยีน AML1 ใน exon 3, 4, และ 5 ใชเทคนิค 
polymerase chain reaction-single strand conformational polymorphism (PCR-SSCP) การตรวจความผิดปกติของยีน FLT3 ที่เปน internal 
tandem duplication (FLT3 ITD) อาศัยวิธีพีซี-อาร และการตรวจการกลายพันธของยีน tyrosine kinase domain (FLT3-TKD) ที่ตําแหนง codon 835 
ใชวิธี restriction fragment length polymorphism (RFLP) โดยยอยดวยเอนไซมตัดจําเพาะ EcoRV การตรวจลักษณะของเซลลมะเร็งในแงชนิดของ
แอนติเจนบนผิวเซลล (Immunophenotype) และการตรวจโครโมโซมทําตามวิธีมาตรฐาน  

ผลการศึกษาพบอุบัติการณของยีนลูกผสม AML1-ETO 16 ราย จากผูปวยทั้งหมด 108 ราย (รอยละ 15) ซึ่งพบมากในกลุมยอย AML-
M2 (รอยละ 38%) ผูปวยกลุมยอย AML-M2 ที่ตรวจพบยีนลูกผสมนี้สวนใหญจะมีอายุนอยกวากลุมที่ไมพบอยางมีนัยสําคัญ (อายุเฉลี่ย 36 ตอ 43 ป 
ตามลําดับ) (p<0.05) รอยละ 86 ของผูปวยกลุมยอย AML-M2 ที่ตรวจพบยีนลูกผสม AML1-ETO มีการแสดงออกของแอนติเจนชนิด CD56 บนผิว
เซลลซึ่งเปนสัดสวนที่สูงกวากรณีของผูปวยที่ไมพบยีนลูกผสมที่มีการแสดงออกเพียงรอยละ 47 (p<0.05) นอกจากนี้ยังพบวามีการแสดงออกของ 
CD117 และ CD56 สูงกวาดวย การขาดหายไปของโครโมโซมเพศในผูปวย AML-M2 ที่พบการแลกเปลี่ยนชิ้นสวนระหวางโครโมโซมที่ 8 กับ 21 
รวมกับ AML1-ETO พบ  ในอัตราที่สูงกวากลุมอื่น (รอยละ41) 

อุบัติการณการเกิดการกลายพันธุของยีน AML1 เทากับรอยละ 4 โดยพบในผูปวย 16 ราย จากทั้งหมด 414 ราย ผูปวยที่พบความผิดปกติ
สวนใหญอายุนอยและพบมากในชนิดยอย M4, M5, หรือ M6 (รอยละ 50) เปนที่นาสนใจวาการกลายพันธุของยีน AML1 พบมากในผูปวยที่ไมใช 
AML-M0 คือพบมากที่สุดใน M6 (รอยละ 25) ตามดวย M5 (รอยละ 6.3) และ M4 (รอยละ 6) ตามลําดับ ในการศึกษานี้พบความผิดปกติตําแหนงใหม
ที่ยังไมเคยมีรายงานมากอน 8 ตําแหนง และที่เคยรายงานมาแลว 4 ตําแหนง ความผิดปกติใหม 5 ตําแหนงที่พบใน exon 4 ประกอบดวย c.341C>T, 
c.416_417ins9, c.422_423ins9, c.292delC และ c.359C>A และพบความผิดปกติใหมใน exon 3 ตําแหนงเดียวคือ c.231_232dupGC นอกจากนี้
ยังพบการเพิ่มนิวคลีโอไทด 5 ตัวในสวน intron 3 และพบการขาดหายของนิวคลีโอไทด 17 ตัว ที่ intron 5 สวนความผิดปกติที่เคยมีรายงานมาแลว
ไดแก c.238C>T, c.210delC, c.343_364dup22 และ c.524G>A พบความผิดปกติระดับโครโมโซมชนิดอื่นเกิดรวมดวยในครึ่งหนึ่งของผูปวยทั้งหมด
ที่พบการกลายพันธุของยีน AML1 ไดแก การแลกเปลี่ยนชิ้นสวนระหวางโครโมโซม 16 กับ 21  และ 8 กับ 21, +8, -7 , 21q+ และการขาดหายไป
บางสวนของโครโมโซม 5 หรือ 9 ความผิดปกติของยีน FLT3 จะพบบอยในผูปวยที่พบการกลายพันธุของยีน AML1 (รอยละ 25) แตในผูปวยที่พบยีน
ลูกผสม AML1-ETO พบความผิดปกติของยีน FLT3  เพียงรอยละ 6.25 

โดยสรุปแลว กลไกที่ทําใหยีน AML1 เกิดความผิดปกติซึ่งไดแก การแลกเปลี่ยนชิ้นสวนโครโมโซมและการกลายพันธสามารถพบไดใน
ผูปวยโรคมะเร็งเม็ดเลือดขาวชนิดเฉียบพลันในประเทศไทย ผูปวยทุกรายที่พบการแลกเปลี่ยนชิ้นสวนระหวางโครโมโซม 8 กับ 21จะสามารถตรวจพบ
ยีนลูกผสม AML1-ETO โดยวิธีอารที-พีซีอาร การแสดงออกของแอนติเจน CD56 มีความสัมพันธกับการพบยีนลูกผสม AML1-ETO ในรายงานนี้พบ
การเกิดการกลายพันธตําแหนงใหมของยีน AML1 8 ตําแหนง และเปนรายงานแรกที่พบการกลายพันธุของยีน AML1 ในผูปวย M6 จํานวน 2 ราย ซึ่ง
เปนความผิดปกติใหมทั้งคู ผลของการการกลายพันธุใหมที่พบตอการพยากรณของโรคควรจะไดรับการศึกษาในประชากรกลุมใหญตอไปในอนาคต 
ขณะนี้ไดมีการพัฒนาวิธีการตรวจยีนลูกผสม AML1-ETO และ การกลายพันธุของยีน AML1 ขึ้นแลวซึ่งจะเปนประโยชนอยางยิ่งตอการตรวจวินิจฉัย
แยกชนิดยอยของโรค และใชเปนตัวบงชี้การพยากรณโรคในผูปวยโรคมะเร็งเม็ดเลือดขาวชนิดเฉียบพลันในประเทศไทย 
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CHAPTER I 

INTRODUCTION 
 

 

Acute myeloid leukemia (AML) is the most common type of leukemia in Thai 

adults and one of the most common hematologic malignancies in the world (1).  The 

hallmark of AML is the accumulation of immature “blast” cells in the bone marrow 

that leads to failure of bone marrow to produce normal blood elements (2, 3).  AML 

patients thus suffer from anemia, bleeding or infections as a result of bone marrow 

failure (3).   

 

The classification of acute leukemia has long been based on morphological 

criteria according to the French-American-British (FAB) Classification Sytem (1976) 

(4).  However, the World Health Organization (WHO) has recently acknowledged the 

importance of cytogenetic and molecular genetic abnormalities of leukemic cells in the 

initial diagnosis and risk stratification of AML patients (5, 6).  This is due to the fact 

that a high percentage of AML patients regardless of ethnic origin have been found to 

carry non-random chromosomal translocations, which subsequently led to the 

discovery of novel and known genes whose functions were disrupted as a result of 

chromosome breakage (4, 5).  The fusion genes involved in such alteration encode 

proteins normally implicated in the control of hematopoiesis, cell growth, and 

differentiation.  The most frequent targets of translocation in acute leukemia involve 

genes that function as transcription factors, such as core binding factor (CBF), retinoic 

acid receptor alpha (RARA), members of the HOX gene family, and transcriptional 

modulatory proteins (4, 7).   

 

Among transcription factor genes, CBF complex is of particular interest 

because of its frequent alterations found in many subtypes of AML (6, 7).  CBF is a 

family of heterodimeric transcription factors that are crucial for the regulation of 

hematopoietic system.  This family comprises one of three different DNA-binding α 
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subunits and a single common β subunit (6).  The α subunit contains a highly 

conserved, runt domain that mediates DNA-binding ability and heterodimerization 

with β subunit (6).  The β subunit does not directly contact DNA but enhances the 

DNA-binding ability (8).  The α and β subunit of CBF complex are encoded by AML1 

(acute myeloid leukemia 1) gene on chromosome 21q22 and CBFβ gene on 

chromosome 16q22, respectively (9).  Thus far, more than a dozen different 

chromosomal translocations in AML cases that involved AML1 are known.  Relevant 

examples of these molecular lesions include t(8;21), t(12;21), and t(3;21) which 

generate AML1-ETO, TEL-AML1, and AML1-EVI1 fusion proteins, respectively (6, 

10).  The chromosomal translocation t(8;21)(q22;q22) is one of the most common 

chromosomal aberrations in AML-M2 subtype (11).  The translocation fuses the 

AML1 gene on 21q22 with the ETO gene on 8q22 resulting in the production of a 

chimeric AML-ETO mRNA.  AML patients with t(8;21) translocation had a better 

overall prognosis than other AML subtypes (12). 

 

 Although AML1 gene was deregulated in AML cases mostly through 

chromosome translocations as stated above, non-translocation mechanisms of AML1 

deregulation, in spite of its rare occurrence, have recently been described such as point 

mutations in patients with AML and gene amplifications in patients with acute 

lymphoid leukemia (ALL) (13).  Minimally differentiated AML (M0 AML), a rare 

subtype of AML associated with poor prognosis, has been reported to have a high 

frequency of AML1 mutations ranging from 12% to 50% (22-23).  AML1 mutations 

were infrequently detected in other subtypes of AML (M1-M5, M7) and had never 

been reported in M6 cases.  Most mutations involved the amino (N)-terminal region of 

AML1, particularly the runt domain, which is encoded by exons 3-5, and was rarely 

found in the carboxy (C)-terminal region (13, 14).  AML patients with AML1 mutation 

had a significantly worse prognosis than those without mutation (15).   

 

Leukemia arises from a mutated clone of hematopoietic stem cells or 

progenitors cells in the bone marrow.  For leukemia to arise, at least 2 classes of gene 

mutations must exist according to the model of AML/MDS/MPD recently proposed by 

Gilliland et al in 2002 (16).  Class I mutations are exemplified by constitutively 
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activated tyrosine kinases and their downstream effectors, such as BCR/ABL, RAS and 

FLT3.  The aberrations of genes within this class confer a proliferative and/or survival 

advantage to hematopoietic progenitor cells (4, 16).  On the other hand, Class II 

mutations cause the loss of function of transcription factors through chromosomal 

translocations such as AML1/ETO, CBFß/SMMHC, or PML/RARα, as well as point 

mutations in AML1 and C/EBPα, and interfere with normal hematopoietic 

differentiation process (16, 17).  Several lines of evidence support this concept 

whereby AML1 gene rearrangements could be shown to cause loss of function of 

hematopoietic transcription factors but were not by themselves sufficient to cause 

frank AML in animal models (18).  

 

At present, no data exists in Thailand and neighboring Southeast Asian 

countries with regard to the incidence and type of AML1 gene abnormalities and their 

significance in adult AML patients.  Moreover, the cooperative events in AML 

patients with AML1 deregulations are presently unknown.  At present, no molecular 

techniques to detect AML1 gene alterations have been available in Thailand.  Thus the 

aim of study was to characterize two main mechanisms of AML1 gene abnormalities, 

i.e. translocation and point mutation, in a large cohort of Thai adult de novo AML 

patients.  The correlation between AML genotype and patients’ clinical characteristics, 

karyotypes and immunophenotypes was also explored.  To search for cooperative 

events in AML, I also determined whether the mutation of the FLT3 receptor tyrosine 

kinase (Class I mutation) could be an additional mutation associated with leukemic 

transformation in AML patients harboring the AML1-ETO fusion gene or AML1 

mutation (Class II mutation). 
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CHAPTER II 

OBJECTIVES 

 

 
1. To develop the molecular methods for the detection of genetic abnormalities 

involving AML1 gene, particularly, AML1-ETO gene rearrangement and AML1 

point mutation. 

2. To determine the incidence of AML1-ETO gene rearrangement and type of 

AML1 point mutation in Thai adult de novo AML population. 

3. To explore if AML1-ETO gene rearrangement and AML1 point mutation have 

any unique association with patients’ clinical features, karyotypes, and 

immunophenotypes. 

4. To determine if FLT3 tyrosine kinase receptor mutation coexists in patients with 

AML1 gene abnormalities. 
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CHAPTER III 

LITERATURE REVIEW 
 

 

1. Acute myeloid leukemia (AML) 

1.1 Definition and cause of AML 

AML is a cancer of the bone marrow and blood characterized by a rapid 

uncontrolled growth of myeloid progenitor cells (19).  AML is a major hematopoietic 

malignancy in the world.  This disease is characterized by the proliferation of a 

malignant clone, resulting in the production of blasts and other immature granulocytes, 

monocytes, erythrocytes, and/or megakaryocytes (20).   

 

1.2 Clinical features  

 The clinical signs and symptoms of AML are variable and nonspecific, but 

these are usually the results of leukemic infiltration of the bone marrow which leads to 

cytopenia.  Typically, patients present with pallor, hemorrhage, infections and fever 

due to the decrease in red cells, platelets, and white cells, respectively.  Additionally, 

some AML patients have leukemic infiltration of various tissues, including the liver, 

spleen, skin, lymph nodes, bone, gingiva, and central nervous system.  

Hyperleukocytosis can lead to symptoms of leukostasis, such as ocular and 

cerebrovascular dysfunction (21). 

 

1.3 Etiology 

Although the cause of AML in humans is incompletely understood, a variety of 

hereditary and environmental factors appear to play an etiologic role.  The 

pathogenesis of AML involves complex interactions between host susceptibility, 

chromosomal damage secondary to physical or chemical exposure, and the 

incorporation of genetic information transmitted virally into susceptible progenitor 

cells. 
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1.3.1 Radiation 

The ionizing radiation has also been associated with leukemogenesis.  

Much of the epidemiologic evidence is observation after human exposures to radiation, 

nuclear explosion, therapeutic or diagnostic radiation, and from occupational radiation.  

Patients who were treated with external-beam irradiation for ankylosing spondylitis, 

menorrhagia, and with radioactive phosphorus (32P) for polycythemia vera have an 

increased incidence of leukemogenesis (22).   

 

1.3.2 Chemical agents 

Exposure to alkylating agents such as melphalan or nitrogen mustard is 

associated with the development of therapy-related AML (t-AML), after a latency of 5 

to 7 years (22).  This disease is characterized by pancytopenia, trilineage 

myelodysplasia, and complex cytogenetic abnormalities, most often involving loss of 

part or all of chromosomes 5 or 7 (22).  Another subtype of t-AML has been observed 

in patients treated for certain hematologic and solid neoplasms with the 

epipodophyllotoxin drugs.  Organic solvents such as benzene and other petroleum 

products have also been associated with a higher risk of developing AML (23).  

 

1.3.3 Viruses 

A number of viruses are known to cause acute leukemia.  The Epstein-

Barr virus (EBV) genome is present in the majority of Burkitt leukemia/lymphoma 

cells.  Adult T-cell leukemia is closely linked to infection by a leukemogenic virus, 

human T-cell lymphotropic virus type I (HTLV-I).  However, most people who have 

antibodies to this virus usually do not exhibit any evidence of malignancy. 

 

1.3.4 Heredity and genetics 

  People with certain blood disorders such as myelodysplasia or some 

genetic disorders are known to have a higher risk of developing leukemia.  In identical 

twins, if one twin has leukemia, the other is also at risk for leukemia, often before 8 

years of age.  The disease usually develops in the second twin within a year of the first 

twin’s diagnosis.  Chromosomal instability in several autosomal dominant conditions 

including Fanconi’s anemia, ataxia telangiectasia, neurofibromatosis, and Bloom's 

syndrome are associated with acute leukemia.     Recently,   germline mutations in the 
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AML1 gene are known to be associated with an increased risk of the development of 

AML.  Additionally, congenital immunodeficiency disorders including infantile X-

linked agammaglobulinemia and Down's syndrome have also been associated with an 

increased incidence of AML (24, 25). 

 

1.4 Diagnosis  

The diagnosis of AML is based upon a careful examination of the peripheral 

blood and bone marrow.  The bone marrow is replaced by myeloblasts, which can be 

further characterized using cytochemistry, immunophenotyping and cytogenetics.  The 

diagnosis of AML requires the identification of more than 20% leukemic blasts in the 

bone marrow.  The primary diagnosis of AML is based on the morphologic 

identification of leukemic myeloblasts in peripheral blood and bone marrow stained 

with Wright–Giemsa.  This distinction is based on the morphology of the blast cells 

and their reactivity with histochemical stains, including myeloperoxidase, sudan black, 

the nonspecific esterases -naphthylacetate and naphthylbutyrate.  Cytogenetic or 

direct molecular genetic methods have become an essential part of the routine 

diagnosis of patients with AML.  Moreover, several cytogenetic abnormalities can be 

used to identify subgroups of patients with distinct clinical features and therapeutic 

responses.  This combination of morphologic, immunologic, and genetically based 

diagnostic approaches not only makes it possible to modify therapy according to the 

sensitivity of biologically defined subtypes, but also provides unique markers to 

monitor the patient response to therapy. 

 

1.5 Classification of AML 

There are several classification systems which separate AML patients into 

various subtypes.  The most commonly used method for AML classification was 

developed by the French–American–British (FAB) group (2).  According to the FAB 

criteria, AML can be divided into eight distinct subtypes (Table 1).  The FAB criteria 

are based on morphologic features of leukemic cells as determined by the degree of 

differentiation and cell lineages (Table 2).  Immunologic methods have also recently 

been incorporated into the diagnostic criteria of the FAB subgroups.  The FAB 

subtypes are composed of three types with predominantly granulocytic differentiation 
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(M1, M2, and M3), two types with at least 20% monocytic precursors (M4 and M5), 

one type with a high proportion of erythroblasts (M6), and a more recently recognized 

and rarely occurring variant with the predominance of megakaryoblasts (M7).  In 

addition, the FAB group described a form of AML with minimal myeloid 

differentiation, designated as M0, which cannot be diagnosed solely on morphologic 

or cytochemical groups but requires the additional use of immunohistochemical 

staining.  M0 cases express myeloid antigens on the blast cell surface but lack 

myeloperoxidase reactivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1  The FAB classification of AML (2). 
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Table 1  The FAB classification of AML (2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FAB 

subtype 
Common name 

Frequency 

(%) 

MO Acute myeloblastic leukemia with minimal differentiation 2-3 

M1 Acute myeloblastic leukemia without maturation   15-20 

M2 Acute myeloblastic leukemia with maturation   25-30 

M3 Acute promyelocytic leukemia 8-15 

M4 

M4Eo 

Acute myelomonocytic leukemia 

Acute myelomonocytic leukemia with abnormal 

eosinophils 

20-25 

5 

M5 Acute monocytic leukemia 10 

M6 Acute erythroleukemia  5 

M7 Acute megakaryoblastic leukemia 1-2 
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Table 2  Morphological and cytochemical features of AML (1). 

 

 

FAB 

classification 
Morphologic and cytochemical features 

M0 Large, agranular myeloblasts; stained negative for myeloperoxidase 

and Sudan black  

M1 Large, poorly differentiated myeloblasts represent 90% or more of the 

nonerythroid cells; at least 3% of the myeloblasts stained positive for 

myeloperoxidase 

M2 Between 30% and 89% of the nonerythroid cells are myeloblasts 

having abundant cytoplasm with moderate to many granules; Auer 

rods often visible 

M3 Leukemia cells usually contain heavy azurophilic granulation; nuclear 

size varies greatly; nuclei are often bilobed or kidney shaped; some 

cells contain bundles of Auer rods; leukemia cells stained strongly 

positive for myeloperoxidase  

M4 Myeloblasts consitute over 30% of the nonerythroid cells, but total 

granulocytic precursors do not exceed 80%; monocytic cells account 

for >20% of the nonerythroid cells; nonspecific esterase and 

chloroacetate stains are often positive; Auer rods may be present. 

M5 Monoblasts, promonocytes, or monocytes constitute 80% or more of 

the nonerythroid cells; in one subtype (M5A), 80% or more of all the 

monocytic cells are monoblasts; in the well-differentiated subtype 

(M5B), less than 80% are monoblasts; a-naphthyl acetate positivity is 

extinguished by NaF 

M6 Greater than 50% of the nucleated marrow cells are erythroid; 

erythroblasts are usually strongly PAS positive; myeloblasts represent 

30% or more of the nonerythroid cells 

M7 Large and small megakaryoblasts with high nuclear/cytoplasm ratio; 

cytoplasm is pale and agranular; standard cytochemical stains are not 

definitive; platelet peroxidase and platelet-specific antibodies are often 

positive 
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Table 3 shows the classification of AML according to World Health 

Organization (WHO) criteria.  The basic principle of the WHO system is that the 

classification of hematopoietic and lymphoid neoplasms should utilize not only 

morphologic findings but also all available information, including genetic, 

immunophenotypic, biologic, and clinical features to define specific disease entities 

(26, 27). 

In the WHO classification, AML can be classified into four subgroups.  Three 

distinct subgroups are as follow: (i) AML with recurrent genetic abnormalities, (ii) 

AML with multilineage dysplasia, and (iii) AML and MDS, therapy related.  AML 

with recurrent genetic abnormalities subgroup recognizes four well-defined recurring 

genetic abnormalities, including cases of patients with t(15;17), t(8;21), inv(16) or 

t(16;16), and abnormalities of 11q23.  AML patients associated with t(15;17), t(8;21), 

inv(16) or t(16;16) have distinctive clinical findings and a favorable response to 

appropriate therapy.  The fourth subgroup is “AML, not otherwised categorized” 

which contains cases that do not satisfy the criteria for any of these subgroups, or for 

which no genetic data can be obtained.  This group is morphology-based and reflects 

the old FAB classification with a very few modifications.   
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Table 3  The WHO classification of AML (27). 

 

Acute myeloid leukemia with recurrent genetic abnormalities 
 Acute myeloid leukemia with t(8;21)(q22;q22), (AML1/ETO) 
 Acute myeloid leukemia with abnormal bone marrow eosinophils and 
  inv(16)(p13q22) or t(16;16)(p13;q22), (CBFβ/MYH11) 

Acute promyelocytic leukemia with t(15;17)(q22;q12), (PML/RARα) and 
variants 

 Acute myeloid leukemia with 11q23 (MLL) abnormalities 
 Acute myeloid leukemia with multilineage dysplasia 
  Following MDS or MDS/MPD 
  Without antecedent MDS or MDS/MPD, but with dysplasia in at least 50% 

of cells in 2 or more myeloid lineages 
 Acute myeloid leukemia and myelodysplastic syndromes, therapy related 
  Alkylating agent/radiation–related type  
  Topoisomerase II inhibitor–related type (some may be lymphoid) 
 Others 
  Acute myeloid leukemia, not otherwise categorized 
  Classified as: 
  Acute myeloid leukemia, minimally differentiated 
  Acute myeloid leukemia without maturation 
  Acute myeloid leukemia with maturation 
  Acute myelomonocytic leukemia 
  Acute monoblastic/acute monocytic leukemia 
  Acute erythroid leukemia (erythroid/myeloid and pure erythroleukemia) 
  Acute megakaryoblastic leukemia 
  Acute basophilic leukemia 
  Acute panmyelosis with myelofibrosis 
  Myeloid sarcoma 
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1.6 Prognostic factor  

AML patients can be separated into three different prognotic groups based on 

their response to induction treatment, relapse risk, and overall survival (2).  

Furthermore, assessment for multidrug resistance and cytogenetic characteristics of the 

leukemic blasts are also important.  The Southwestern Oncology Group (SWOG) and 

Medical Research Council (MRC) classify AML patients into three distinct prognostic 

groups including favorable, intermediate or unfavorable subgroup based on karyotypes 

(Table 4) (19). 

Typically, patients with favorable risk cytogenetics have either t(15;17), 

t(8;21), or inv(16) or molecular evidence of these abnormalities.  These mutations are 

more frequent in younger patients who have high complete remission rate (more than 

85%) and a relatively low risk of relapse (30 to 40%).  At the other end of the 

spectrum is the unfavorable prognostic subgroup, which includes approximately 15% 

of the cases among patients who are 15 to 60 years of age.  The unfavorable cases are 

defined by the presence of leukemic blasts with complex abnormalities involving more 

than two chromosomes, monosomies of chromosome 5 or 7, deletion of the long arm 

of 5 (del5q), or abnormalities of the long arm of chromosome 3.  These abnormalities 

are more frequent in older patients and in patients with secondary AML.  Between 

these two groups are patients who are characterized as having intermediate or standard 

risk.  The leukemic blasts of these patients have either a normal karyotype or 

cytogenetic abnormalities that are not included in the definition of the other subgroups 

(3, 19).   
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Table 4  SWOG and MRC criteria classification of AML prognosis factors (19). 

 
SWOG: Southwestern Oncology Group 
MRC: Medical Research Council; 
abn: abnormalities of 
 

 

Clinical outcome SWOG Criteria 
 

MRC criteria: As for 
SWOG, except: 

 

Favorable 
 

t(15;17) with any other 
abnormality 
inv(16)/t(16;16)/del(16q) with 
any other abnormality 
t(8;21) without del(9q) or 
complex karyotype 
 

t(8;21) with any other 
abnormality 
 

Intermediate 
 

+8, -Y, +6, del(12p) 
normal karyotype 
 

abn 11q23 
del(9q), del(7q) without 
other abnormalities 
Complex karyotypes (≥ 3 
abnormalities, but < 5 
abnormalities) 
All abnormalities of 
unknown prognostic 
significance 
 

Unfavorable 
 

-5/del(5q), -7/del(7q), 
t(8;21) with del(9q) or complex 
karyotype 
inv(3q), abn 11q23, 20q, 
21q, del(9q), t(6;9) 
t(9;22), abn 17p, 
Complex karyotypes (≥ 3 
abnormalities) 
 

Complex karyotypes (≥ 5 
abnormalities) 
 

Unknown 
 

All other clonal chromosomal 
aberrations with fewer than 3 
abnormalities 
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1.7 Cytogenetic abnormalities of AML 

Chromosomal abnormalities can be detected in the majority of AML.  These 

abnormalities include gain or loss of a whole chromosome or loss of the long (q) or 

short (p) arm of chromosome (28).  Furthermore, a variety of structural 

rearrangements (translocation, inversion, or insertion) were also found (29).  

Cytogenetic characterization has become the strongest predictor of both responses to 

therapy and remission duration.  Cytogenetic data have been used to map a 

chromosomal breakpoint at a molecular level, allowing the use of probes for 

fluorescence in situ hybridization (FISH) and of primers for reverse transcriptase 

polymerase chain reaction (RT-PCR) methods for the detection of tumor cells (30).  

 

1.8 Molecular pathogenesis and transcription factor in AML 

Recent advances in genetics have shown that not only chromosomal 

abnormalities but also molecular alterations are associated with the leukemogenesis of 

AML (31, 32).  The most common targets of AML-associated chromosomal 

translocation are genes that encode DNA-binding transcription factors or the 

regulatory components of transcriptional complexes (29).  These transcription factors 

are frequently conserved and are important in normal haemotopoiesis.  The common 

balanced reciprocal translocations associated with AML are a fusion of two 

transcription factors (Figure 1).  Transcription factors involved in human leukemia are 

composed of core binding factor (CBF), retinoic acid receptor alpha (RARα), 

homeobox (HOX) family members, and members of the ETS family of transcription 

factors (Table 5) (4, 17).  Transformation in each of these cases appears to result from 

the generation of fusion proteins that interfere in a dominant manner function of the 

wild-type protein (20).  The study of these specific molecular genetic lesions has 

provided critical insights into the pathogenesis of AML and has already helped to 

identify subgroups for therapeutic purposes (16).   
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Figure 1 Balanced reciprocal translocations in human leukemia may give rise to both 

forward and reciprocal fusion transcript, and both normal alleles for each 

gene may also be expressed (17).   

 

 

Table  5 Transcription factor fusions in human leukemia (17).  

Translocation Fusion gene 

A. Core binding factor (CBF) 

     t(8;21)(q22;q22) 

     t(3;21)(q26;q22)  

     inv(16)(p11;q22) 

     t(12;21)(p13;q22)  

 

AML1/ETO 

AML1/EVI1 

CBFβ/SMMHC 

TEL/AML1 

B. Retinoic acid receptor α (RARα) 

            t(15;17)(q22;q11) 

            t(5;17)(q31;q11) 

            t(11;17)(p13;q11) 

 

PML/RARa 

NPM/RARa 

PLZF/RARa 

C. HOX family members 

     t(7;11)(p15;p15)  

     t(2;11)(q31;p15)  

     t(12;13)(p13;q12)  

 

NUP98/HOXA9 

NUP98/HOXD13 

TEL/CDX2 

D. ETS family members 

     t(12;22)(p13;q11)  

     t(16;21)(p11;q22)  

 

MNI/TEL 

TLS/ERG 
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1.9 Cooperativity of leukemia genes in AML 

AML has been proposed to occur as a consequence of the collaboration 

between at least two broad classes of mutations (Figure 2) (16, 17, 33).  Class I 

mutation is exemplified by activating mutations in tyrosine kinases such as BCR–ABL, 

TEL–PDGFRB or FLT3, or their downstream effectors, such as RAS mutations.  These 

mutations confer proliferative and/or survival advantage to hematopoietic progenitor 

cells but has minimal effects on their differentiation programs.  In contrast, Class II 

mutation resulting in loss of function of hematopoietic transcription factors that are 

important for normal hematopoietic differentiation including AML1-ETO, CBFPβ-

SMMSC, PML-RARα and NUP98/HOXA9 fusion genes.  Moreover, point mutations in 

hematopoietic transcription factors such as AML1 and C/EBPα are also classified as 

Class II mutation (17).  These mutations also confer an immortalization phenotype but 

are not sufficient to cause AML.  If the mutations that confer proliferative and/or 

survival advantage are expressed alone, they result in a myeloproliferative disorder 

(MPD) with leukocytosis and normal differentiation (16).  Conversely, when 

mutations that impair a normal differentiation expressed alone, these mutations may 

have a phenotype most like myelodysplastic syndrome (MDS) (16).  Together, these 

two mutations would result in the AML phenotype characterized by a proliferative 

and/or survival advantage of hematopoietic progenitors and by impaired hematopoietic 

differentiation.  For example, targeting the prolifereative and survival pathway with 

FLT3 inhibitors or RAS inhibits such as farnesyltransferase inhibitors may have a 

therapeutic benefit.  Alternatively, agents that relieve the block in differentiation of 

leukemic blasts have been shown to have a therapeutic benefit such as all-trans-

retinoic acid (ATRA) that is now the standard treatment for acute promyelocytic 

leukemia.  One class of compounds currently that is under investigation is histone 

deacetylase (HDAC) inhibitors (33).   
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Figure 2 Cooperative mutation between Class I and II mutations.  Class I mutations 

are gene rearrangements and mutations that confer a proliferative and/or 

survival advantage to leukaemia cells, and Class II mutations are those that 

impair haematopoietic differentiation in AML (16). 
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2. Core binding factor (CBF) in AML 

CBF was first identified based on its ability to interact with the enhancer core 

sites of polymavirus or moloney murine leukemia virus and is also known as polyoma 

enhancer binding protein 2 (PEBP2) (9).  Chromosomal abnormalities involving 

subunits of CBF are common in AML.  Many of these translocations are involved with 

transcription factors or transcriptional co-activators that are important for normal 

hematopoietic development.  Of these, the most extensively studied are the AML1-

ETO and CBFβ-SMMHC fusion gene (33).   

 

2.1 Structure of CBF complex 

CBF is a class of hematopoietic transcription factors that are crucial for the 

regulation of hematopoietic system.  The CBF complexes comprise one of three 

different α subunits and a single common β subunit (Figure 3) (17).  The α subunit is 

located in nucleus but β subunit is in the cytoplasm.  The α subunit and β subunit of 

CBF complex are encoded by AML1 (also known as RUNX1) and CBFβ gene, 

respectively.  The α subunit mediates DNA-binding ability and heterodimerization 

with β subunit.  The β subunit does not directly contact DNA but enhances the DNA-

binding ability of the α subunit and protects it from proteolysis.  CBF complex 

regulates the expression of a large number of hamatopoiesis regulated gene.   

 

 

 

 
 

 

 

 

 

 

 

Figure 3 Structure of the core binding complex (CBF).  The core binding factor 

(CBF) consists of two subunits, α and β subunits which are encoded by the 

AML1 and CBFβ genes, respectively. 
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2.2 Biochemical functions of CBF complex 

Recent studies indicate that CBF complex plays an important role in normal 

hematopoiesis.  The normal hematopoiesis development consists of two distinct waves.  

The first wave is primitive hematopoiesis which emerges in the yolk sac at embryonic 

day 7.5.  The second wave is definitive hematopoiesis, which occurs on embryonic 

day 9.5 (Figure 4).  CBF complex is required for the generation of hematopoietic stem 

cells from the endothelium of the great vessels and promotes the differentiation of 

mature cells from the hematopoietic progenitor cells (6, 33).   

Under normal conditions, CBF complex binds to a consensus DNA core motif 

known as the runt domain binding element (TGt/cGGT).  This consensus sequence is 

present in the transcriptional regulatory regions of genes that are essential for 

myelopoiesis.  These include the genes encoding for interleukin-3 (IL-3) (34), 

granulocyte–macrophagecolony stimulating factor (GM-CSF) (35), CSF1 receptor, 

myeloperoxidase, neutrophil elastase, granzyme B, and subunits of the T- and B-cell 

antigen receptor.  Therefore, impaired CBF interaction is likely to interfere with 

normal myelopoiesis (6). 
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Figure 4 Haematopoiesis in the fetus and in the adult.  AML1 and core-binding 

factor-β (CBFβ) are not required for the development of primitive 

erythrocytes, but are required for the development of the haematopoietic 

stem cell (HSC) to different blood cell lineages (33).   
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3. Structure of AML1 gene and protein  

Acute myeloid leukemia 1 (AML1) gene is also called Runx1 (Runt-related 

protein), PEBP2αB (polyoma virus enhancer-binding protein2αB), and CBFα (core 

binding factor α) (6).  The AML1 was initially cloned as the target of t(8;21) in patients 

with AML (5).  This gene is located on chromosome 21q22 and spans 260 kb of the 

genome.  The AML1 gene consists of nine exons (exons 1-6, 7A, 7B, and 8) and two 

promoters followed by the distinct initiation codon in exon 1 and exon 3 (14).   

AML1 protein possesses at least three alternatively spliced isoforms, which 

include AML1a, AML1b, and AML1c (36).  These three isoforms are distinctly 

expressed in hematopoietic cells.  Nucleotide sequence analysis of the cDNA clones 

showed that the predicted AML1 proteins could be classified into two types, 

designated AML1b (453 amino acids) and AML1c (480 amino acids), with different 

N-terminal regions (Figure 5).  AML1b and AMLlc contain the same large C-terminal 

region, which is rich in proline, serine, and threonine (36, 37).  This C-terminal region 

has been suggested to be a transcriptional activation domain.  The runt domain is fully 

conserved among the three species.  Exons 1 and 3 contain the 5'-untranslated region 

and the ATG initiation codon. AML1c arises from the use of an internal splice 

acceptor site in exon 1, while AMLla and AML1b begin at exon 3, probably due to 

utilization of an alternative promoter (36).  The runt domain is encoded by a part of 

exon 3, exon 4, and exon 5.  Exons 7A and 8 contain the TAA and TGA termination 

codons, respectively, and the entire 3'-untranslated region.  As a result of alternative 

splicing, AML1a contains exon 7A.  On the other hand, AML1b and AML1c contain 

exons 7B and 8, resulting in proteins with a larger C-terminal (36).  The three patterns 

of alternative splicing are schematically shown in Figure 5.  In AML1b and AML1c, 

carboxy (C)-terminal to the runt domain has a region that contains sequences of 

defined biochemical functions that is absent in AML1a.  AML1b is largely restricted 

to hematopoietic cells, including B and T lymphoid cells, granulocytic and monocytic 

cells, megakaryocytes, and CD34+ marrow cells.  AML1b is also presented in 

erythroid precursors during embryogenesis, but not in adult marrow (38).  
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Figure 5 Schematic representation of alternative splicing of the AML1 transcripts.  

A schematic representation of the exons is shown at the top.  Solid boxes 

represent the coding regions, and open boxes represent the 5'- and 3'-

untranslated regions.  Positions of polyadenylation signals are shown by A 

(36). 
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The structure of AML1 protein is shown in Figure 6.  AML1 contains the most 

highly conserved feature at the runt domain which is responsible for both DNA-

binding ability and heterodimerization with the β subunit of the CBF complex (38, 39).  

The consensus sequence for DNA binding is PyGPyGGT and named the PEBP2 

sequence.  The PEBP2 sequence is found in transcriptional cis-elements of AML1 

tareget genes, to which CBF complex binds and initiates transcription (6).  The AML1 

also contains transactivation and transcriptional repression domains which lead AML1 

to function as an activator or repressor of gene transcription, respectively (6, 8).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Functional anatomy of AML1 protein.  DNA binding and 

heterodimerization with CBFβ are mediated by the runt domain.  Arrows 

indicate breakpoints in t(8;21), t(3;21), and t(12;21).  The locations of other 

sequences for transcription (Red), transcriptional repression (Blue), and 

nuclear matrix attachment are shown.  The phosphorylation is mediated by 

ERK site.  P300/CBP, ALY, YAP are binding regions for coactivators.  

The mSin 3A, Ear-2, and TLE are binding regions for corepressors (6). 
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3.1 Structure of the runt domain 

The runt domain is encoded by a part of exon 3-5, which contains 128 amino 

acids that span 50-178 of amino acids sequences (Figure 7) (40).  The cDNA 

nucleotide and amino acids sequences of the runt domain of AML1 gene are shown in 

Figure 8.  The runt domain belongs to the immunoglobulin-domain superfamily of 

transcription factors (33).  DNA binding by the runt domain is mediated by loops and 

β-strands at one end of the immunoglobulin β-barrel.  The CBFβ subunit increases the 

DNA-binding affinity of the runt domain without inducing large conformational 

changes in the runt domain (9-11).   

AML1 makes a contact with the DNA at the consensus sequence 5’-

TGTGGTT-3’ using three loop-containing regions, including β3-L3, β9-L9, and β12-

L12 (37).  Three arginines (R80, R174, and R177) recognize three guanines of DNA.  

K83 interacts with the sugar-phosphate backbone of the DNA.  The backbone amide 

of G143 and V170 interact with the phosphate backbone in the minor and major 

grooves, respectively (33).  Amino acids in the runt domain that are mutated in 

patients with familial platelet disorder with a propensity to develop acute myeloid 

leukaemia (FPD/AML), AML M0 and MDS are R80A, W79C, R142A, G138D, 

D171A, R174A, and R177A (33, 37, 41).  Most of these mutations disrupt amino acids 

that directly contact the DNA, whereas the G138D and W79C mutations could either 

indirectly disrupt the DNA contacts of neighboring amino acids, or perturb the runt 

domain fold (37).   
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Figure 7 Structure of the runt domain.  The runt domain (green) belongs to the 

immunoglobulin-domain superfamily of transcription factors.  DNA binding 

by the runt domain is mediated by loops and β-strands at one end of the 

immunoglobulin β-barrel.  CBFβ (brown), which has a novel structure 

contacts neither the DNA, nor amino acids in the runt domain that are 

directly involved in DNA binding.  Amino acids in the runt domain that 

directly contact DNA are indicated by black or red text.  Amino acids in the 

runt domain that are mutated in patients with FPD/AML, AML M0 and MDS 

are indicated in black or white text, with the mutations shown in parentheses 

(33). 
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Figure 8  Nucleotide and amino acid sequences of the runt domain of AML1b.  The 

runt domain is underlined.  Boundaries of exons are indicated by 

arrowheads above nucleotide sequences, at the beginning of each exon.  

Alternative splice sites are also indicated with an asterisk.  The sequence 

data reported here have been deposited in the NCBI sequence databases 

under the accession numbers D43968 (36). 
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3.2 Different partner proteins augment transcriptional activation or 

repression by AML1 

Although AML1 functions as an organizing protein that facilitates assembly of 

transcriptional activation complex (Figure 9).  Table 6 shows the partner proteins that 

interact with AML1 protein (8).  The PEBP2 sequence is often adjacent to the binding 

sites for other DNA-binding proteins, including Ets, Myb, and C/EBPα.  All of these 

factors are known to cooperate with AML1 to activate gene transcription.  In addition 

to these cis-interactions, AML1 associates with transcriptional cofactors including 

p300 and CREB-binding protein (CBP), which facilitate transcription by acetylating 

histones and rendering the promoter structures more accessible.  Other coactivators 

that interact with AML1 include Yeast-associated protein (YAP) and ALY, the latter 

is a protein that activates the TCRα promoter by facilitating assembly of LEF-1, Ets, 

and AML1 (42).  At these transcriptional regulatory sequences, AML1/CBFβ appears 

to function as a transcriptional organizer that recruits other factors into a nucleoprotein 

complex that stimulates lineage-restricted transcription.  Although originally identified 

as a transcriptional activator, AML1/CBFβ contains at least three domains that can 

contribute to the repression of transcription.  When interacting with transducin-like 

enhancer of split-1 (TLE1), a mammalian homologue of the Drosophila co-repressor 

Groucho, it mediates transcriptional repression.  Interaction between AML1 and the 

co-repressor mSin3A also appears to be necessary for this transcriptional repression.  

Subsequent binding to a co-repressor, such as TLE-1 or mSin3A would convert AML1 

to a repressor.  The transcriptional repressor of AML1 depends on the target gene and 

the cellular milieu.  AML1 acts as a transcriptional repressor in NIH3T3 cells and 

CD4 in thymocytes (41, 42).  The mechanism that converts AML1 from an activator to 

a repressor are not yet fully understood.  One possibility is posttranslational 

modification, including phosphorylation by extracellular signal-regulated kinase which 

stimulates transcriptional activity of AML1 (41).   
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Table 6 Partner proteins that interact with AML1 (42). 

 

 

 

 

 

 

 

 

 

 

Partner 

protein 
Reported function Function of AML1 partner complex 

Myb Transcription factor Co-activation of TCRδ enhancer 

Ets Transcription factor Co-activation of transcription 

C/EBP Transcription factor Co-activation of M-CSF receptor 

promoter 

P300/CBP Transcriptional co-

activator 

Myeloid cell differentiation 

ALY Transcriptional co-

activator 

Co-activation of TCRα enhancer 

YAP Transcriptional co-

activator 

Transcription co-activation 

TEL1 Co-repressor Contributes to Runx1/AML1-

mediated repression 

mSin3A Co-repressor Necessary for AML1 transcriptional 

repression 
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Figure 9 Transcriptional complex formation of AML1.  AML1 mediates 

transcriptional activation (A) or repression (B) upon recruitment of non-

DNA-binding coactivators (p300/CBP) or corepressors (mSin3A, HDAC, 

and TLE) (6). 
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3.3 AML1 gene alteration in AML patients 

AML1 is deregulated in AML patients through different mechanisms including 

chromosomal translocation, point mutation, and gene amplification (13).  Thus far, 

more than a dozen different chromosomal translocations in AML cases that involved 

AML1 are known.  The t(8;21) which generate AML1-ETO was the most common 

chromosomal translocation associated with AML (43).  This fusion protein has a 

common functional property as a dominant negative inhibitor for the normal AML1 

allele.  In addition to t(8;21), AML1 has been shown to be involved in other 

translocations in other type of leukemia such as t(12;21)(TEL-AML1), which occurs in 

approximately 25% of cases of pediatric B-cell acute lymphoblastic leukemia and 

confers favorable outcome (44, 45).  The t(3;21) (AML1-Evi1), was found in a few 

cases of secondary AML and blast crisis of chronic myeloid leukemia (Figure 10) (46). 

 

 

 

 

 

 

    
 

Figure 10 Structure of fusion proteins generated in AML1-related leukemia. 

Arrows indicate breakpoints in the fusion genes (6).  
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4. AML1-ETO fusion gene in acute myeloid leukemia 

 In 1973, Rowley firstly described a balanced translocation between 

chromosomes 8 and 21, t(8;21)(q22;q22) (5).  This translocation fuses the AML1 gene 

on chromosome 21q22 and the ETO gene on chromosome 8q22, resulting in the 

production of the AML1-ETO fusion mRNA and protein (5, 29).  The AML1-ETO 

fusion consists of 177 amino acids N-terminal of AML1 fused inframe with amino 

acids 30-604 of ETO (12, 47, 48).  Thus this fusion protein retains the runt domain 

that binds DNA and interacts with CBFβ but deletes the C-terminal activation domain 

of AML1 (Figure 11) (12, 49, 50).   

ETO is the mammalian homolog of the Drosophila gene nervy, and is a 

member of a small gene family that includes two other members, MTGR1 and MTG16 

(51).  The ETO locates on chromosome 8q22 and contains 13 exons distributed over 

87 kb of genomic DNA (52-54).  The ETO protein contains four regions (52, 55) 

including an N-terminal domain with homology to transcription-activating factors 

(TAF), a hydrophobic heptad repeat (HHR), a small region with homology to the ETO 

group of proteins referred to as the Nervy homology region 3 (NHR3), and a C-

terminal domain that contains two Zn-finger motifs (51).  The expression of ETO is 

normally restricted to cells in the nervous system and a subset of CD34 hematopoietic 

progenitors (54).  ETO has been detected in the nucleus of leukemic cells and in the 

nucleus and cytoplasm of neurons (56).   

Recent data suggest that ETO normally functions as a regulator of transcription.  

This protein directly interacts with the nuclear co-repressors NcoR and mSin 3A, and 

recruits an active histone deacetylase (51, 57).  These observations suggest that ETO 

may function as an adapter protein within a nuclear co-repressor complex.   
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Figure 11 Structure of AML1-ETO fusion protein.  (A) represents AML1 protein.  (B) 

The structure of the t(8;21)-encoded AML1-ETO product is illustrated.  

Chromosome breakpoints are indicated by vertical arrow (58). 

 

4.1 Incidence of AML1-ETO in acute myeloid leukemia 

The t(8;21)(q22;q22) is the most frequent translocation found in AML.  By 

conventional karyotypic analysis and RT-PCR, the t(8;21) (AML1-ETO) translocation 

is detected in about 6-20% of AML cases and in 18-40% of AML-M2 (12).  AML1-

ETO has also been found, at lower frequencies, in AML-M1 and M4, and in rare cases 

of myelodysplastic and myeloproliferative syndromes (58).   

 

4.2 The mechanism of AML1-ETO fusion in leukemogenesis 
The AML1-ETO fusion gene can lead to the disruption the differentiation 

process of hematopoiesis system (59).  As a consequence of the t(8;21), AML1 

sequences from C-terminal to the runt domain are replaced by the majority of the 

coding region of ETO (Figure 12) (6).  Thus, the resultant fusion protein entirely lacks 

the transcriptional activation domain of AML1.  As predicted by this structure, AML1-

ETO is no longer capable of interacting with the transcriptional coactivators p300 or 

CBP, but instead acquires many partners of the ETO binding protein (60).  Consistent 

with the above model, AML1-ETO directly represses AML1-mediated transcriptional 

activation in transient transcription assays (61).  This activity depends on both the runt 

domain of AML1 and the HHR and zinc fingers of ETO.  Transcriptional repression 
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requires direct DNA binding by the AML1-ETO fusion protein through the core 

enhancer sequence and is mediated through the recruitment of the nuclear corepressor 

complex by ETO (58, 60).  AML1-ETO has also been demonstrated to repress the 

transcriptional activity of C/EBPα and a subset of Ets proteins (62).  This activity is 

independent of the core enhancer sequence, but instead is mediated by the direct 

binding of AML1-ETO to either C/EBPα or the Ets family members, resulting in 

changes in chromatin structure by the tethered histone deacetylase corepressors.  The 

transcriptional repression by AML1-ETO can be partially reversed by inhibitors of 

histone deacetylase, consistent with the critical role of this enzymatic activity in 

mediating the transcriptional effects of AML1-ETO (63). 

  

 

 
 

Figure 12 Transcriptional complex formation by AML1.  (A) AML1 binds to the 

consensus DNA sequence (PEBP2 sequence) present in the cielements of 

target genes.  The PEBP2 sequence is often adjacent to inding sites for 

other DNA-binding proteins, including Ets, Myb, and C/EBPα. AML1 

regulates gene expression in cooperation with these lineage-specific 

transcription factors.  AML1 mediates transcriptional activation (A) or 

repression (B) upon recruitment of non-DNA-binding coactivators 

(p300/CBP) or corepressors (mSin3A, HDAC, and TLE) (6). 
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4.3 In vivo and in vitro study of AML1-ETO 

Experiments using a variety of different cell lines have been performed in an 

attempt to define the biological activity of the AML1-ETO fusion gene.  The AML1-

ETO knock-in mice lacks fetal hematopoiesis (61).  AML1-ETO acts as a dominant 

inhibitor of normal CBF activity.  Animals heterozygous for an AML1-ETO knock-in 

allele displayed a phenotype similar to that of AML1 or CBFβ knock-out mice, 

resulting in an early death in embryonic life (embryonic day 13.5) and intracranial 

bleeding (Figure 13A).  The dysplastic hematopoietic progenitor cells within the fetal 

livers of the knock in mice could be readily established as immortalized cell lines 

(Figure 13B) (61, 64).  Importantly, expression of AML1-ETO does not completely 

block the ability of these cells to differentiate, but instead impairs maturation.    

 

 

 

    
 

 

Figure 13 Phenotype and morphology of AML1-ETO knock-in and wild-type (WT) 

embryos.  AML1-ETO knock-in embryos were identical in size to wild-

type littermates, but were easily identifiable by the presence of fetal liver 

pallor and massive hemorrhages within the ventricles of the CNS and the 

soft tissues of the back (A).  Numerous hypergranular myeloid cells are 

seen with frequent abnormal binucleated and trinucleated cells (B) (61).  

A B
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4.4 Cooperation of AML1-ETO with other abnormalities 

 One of the most interesting results emerged from these experiments was that 

expression of AML1-ETO by itself was insufficient to generate a full leukemic 

phenotype (12, 65).  Similarly, adult bone marrow cells infected with an AML1-ETO 

expressing retrovirus failed to induce leukemia when transplanted into irradiated 

syngeneic mice.  The development of leukemia, therefore, appears to require 

additional genetic mutations that are able to cooperate with the signals generated 

through AML1-ETO.  The analysis of AML1-ETO-containing human leukemias may 

provide some clues to the nature of the secondary mutations.  For instance, almost 

50% of AML1-ETO expressing leukemias have been found to involve with loss of one 

of the sex chromosomes (12).  In addition, over 30% of these cases have deletions on 

the long arm of chromosome 9 (47, 58, 66).  Although the specific genes targeted by 

these genetic changes are at present unknown.  The recurrent loss of these loci raises 

the possibility that they harbor tumor suppressor genes, whose loss cooperates with 

AML1-ETO to induce a full leukemic phenotype.  More recently, activating mutations 

in the C-KIT of FLT3 receptor tyrosine kinase have been identified in a significant 

percentage of patients AML1-ETO leukemia (18, 67).  Although these data are derived 

from only a small cohort of cases, they suggest that constitutively activated growth 

factor signals may cooperate with AML1-ETO to induce transformation (35, 68, 69). 

 

4.5 Clinical significance and immunophenotypic analysis of AML patients 

with AML1-ETO fusion  

AML patients whose leukemic blasts contain AML1-ETO fusion gene 

constitute a favorable prognostic group, characterized by high remission rates and 

long-term disease-free survival when treated with chemotherapy that includes 

cytarabine (19, 70, 71). 

The immunophenotypic analysis of AML patients with AML1-ETO fusion 

gene usually discloses CD13, CD33, CD34, and CD56 expression (70, 72).  

Interestingly, positive staining for the B-cell associated marker CD19 has been 

reported in a significant co-expression with AML1-ETO fusion gene (73).  The AML1-

ETO positive AML patients had high remission rates and prolonged disease free 

survival, with a more favorable overall prognosis than that of other AML subsets (58).  
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Thus, identification of AML1-ETO at diagnosis is important for prognostic 

stratification.   

 

4.6 Detection of AML1-ETO fusion gene 

Several methods have currently been used to detect the AML1-ETO 

rearrangement.  While the conventional analysis was karyotypic analysis (74), 

Fluorescent in situ hybridization (FISH), southern blot analyses (75), RT-PCR, and 

real-time PCR (76, 77) are techniques that allow specific detection of two genes fused 

at the breakpoint of chromosomal translocations (78, 79).  Recently, RT-PCR has been 

used successfully as a tool for identifying fusion genes (79).  Previous studies indicate 

that the result of karyotype analysis and RT-PCR are not completely identical (74, 80).  

Importantly, RT-PCR can detect the fusion transcript in AML patients whose leukemic 

cells lack t(8;21) cytogenetically (74).  RT-PCR has now become a routine method in 

the Western countries whereby the results are rapidly available, resulting in early 

decision making particularly in AML patients with unsuccessful karyotypic analysis 

(80).  

 

5. AML1 mutation in AML 

 Although t(8;21) which generated AML1-ETO fusion gene frequently found in 

the pathogenesis of AML, point mutation of the AML1 gene has also been 

hypothesized to play an important role (13, 14).  

  

5.1 Incidence of AML1 mutation in AML 

All AML1 mutation screening studies covered exons 3–5, and most included 

intron sequences flanking the exons.  A few studies screened exons 1 and 2 as well, 

and half of the studies did not cover exons 6–8 which encoding the C-terminal moiety 

where the transactivation domain spanning amino acids 291–371 is located (14).  All 

types of human leukemia, except chronic lymphocytic leukemia (CLL) (81), have 

been extensively investigated.  In addition, a significant number of cell lines, including 

those established from solid tumors, as well as healthy volunteers were also included 

in the mutation screening (14).  The frequency of AML1 mutation in de novo AML is 

low (<5%), and has been detected at a substantially higher frequency in a specific 
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subtype of AML, i.e., poorly differentiated AML M0 (12-33%) (14, 82).  Most point 

mutation identified in AML patients involve the amino acids at N-terminal region of 

this transcription factor, especially in the runt domain, which is encoded by exons 3-5.  

In AML patients, AML1 mutation is rarely found in the C-terminal region (15, 83). 

 

5.2 Type of AML1 mutation   

Germline and acquired mutations of AML1 were reported in patients with 

hematological malignancies (13).  Germline mutation of the AML1 has been found in 

very rare cases of familial platelet disorder with predisposition to acute myelogeneous 

leukemia (FPD/AML) (84).  In all cases, mutations were mono-allelic which resulted 

in haploinsufficiency and susceptibility to leukemogenesis (84).  In patients who carry 

AML1 germline mutations, leukemia does not develop until the acquisition of the 

second mutation later in life (16, 33).  Recently, acquired somatic mutations of AML1 

gene was also reported in rare cases of AML and MDS (15, 71, 85).  In hematological 

malignancies, haploinsufficiency of AML1 may also have a pathogenic role and mono-

allelic alteration of AML1 was also found (41).   

 

5.3 AML1 mutation and leukemogenesis 

AML1 acts as a key regulator of hematopoietic genes that plays an important 

role in myeloid differentiation (8).  The deregulation of this gene may contribute to 

leukemogenesis in different ways. 

Functional consequences of bi-allelic AML1 point mutations are the absence of 

DNA binding properties and/or the abolishment of transactivation of the targeted 

genes which involved in myeloid differentiation and maturation (8, 11, 86).  Moreover, 

some of the mutations act in a dominant negative manner and prevent a normal 

function of the remaining wild-type AML1, in the case of mono-allelic alteration (15).  

The studies that cotransfected with AML1 missense mutation and wild-type AML1 

have confirmed this hypothesis and demonstrated the abolishment of transactivation of 

the M-CSF receptor promoter (15).  AML1 mutation could be involved in 

leukemogenesis through other mechanisms.  Indeed, many of the AML1 alterations 

lead to the loss of the C-terminal domain which is crucial for interaction with the TLE, 
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groucho corepressor gene (15, 87).  In all of those cases, the mutated protein could not 

act to repress transactivation.   

 

5.4 Correlation between AML1 mutation and other findings 

 On the other hand, mutated cases had a significantly higher leukocyte count, a 

higher percent of bone marrow blasts, lower CD33 expression, higher HLA DR 

expression and more frequent heavy chain immunoglobulin (Ig H) or T cell receptor 

(TCR) gene rearrangement (13, 88).  AML patients who expressed AML1 mutations 

had a significantly worse prognosis than those without the mutations (15).   

 

5.5 Cooperation between AML1 mutation and other genetic abnormalities  

FLT3 mutation and trisomy 21 are thought to be the second hit in MDS/AML 

with AML1 mutations (89-91).  High frequency of chromosome 7 loss suggests that 

inactivation of the unknown gene on chromosome 7 also plays a synergistic role with 

AML1 mutations (92).  Furthermore, to induce leukemogenesis, three to five genetic 

alterations are considered to be required based on current evidence (14).  Therefore, a 

number of genetic alterations must be identified to fully understand the 

leukemogenesis.   

 

 5.6 SSCP analysis for the screening of AML1 mutation 

 Recently, SSCP has been extensively applied in biomedical research with 

various adaptation and refinements.  SSCP is the most suitable sensitive technique for 

detecting only one base change (93-95).  Other common techniques include targeted 

restriction fragment length polymorphism (RFLP) analysis, heteroduplex analysis and 

its derivatives, denaturing gradient gel electrophoresis (DGGE) and temperature 

gradient gel electrophoresis (TGGE) (13).  All these techniques have their advantages 

and disadvantages in terms of sensitivity, reproducibility, optimization, cost and 

requirements for equipment (95).   

 The SSCP technique is a method capable of identifying most sequence 

variations in a single strand of DNA, typically between 150 and 250 nucleotides in 

length.  Under nondenaturing conditions, a single stranded DNA is adopt a 

conformation (presumably dependent on internal base-pairing between short segments 
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by foldback) that is uniquely depended on its sequence composition (94).  This 

conformation is usually different if even a single base is changed.  Most conformations 

seem to alter the physical configuration or size sufficiently that, even though the 

variant sequence has the same charge, the configuration-to-charge (size-to-charge) 

ratio is different enough to be detectable as a mobility difference upon electrophoresis 

through a retarding matrix such as acrylamide gel (95).   

 

6. AML1 amplification in acute leukemia 

Recent analysis of the AML1 locus has shown that high-level gene 

amplification of AML1 can be detected in some cases of human leukemia (96, 97).  

Those cases primarily constitute pediatric ALL cases, some of whom have been 

confirmed to have an increase in AML1 transcripts.  These observations support the 

hypothesis that gain of function or increased dosage of AML1 can contribute to 

leukemogenesis (41). 

 

7. FLT3 mutation 

 Fms-like tyrosine kinase 3 (FLT3) is a member of the class I receptor tyrosine 

kinase subfamily, including C-FMS, C-KIT and PDGFR.  FLT3 is expressed in 

immature hematopoietic cells and plays an important role in the proliferation of 

hematopoietic progenitors in combination with other growth factors (98).  The internal 

tandem duplications (ITDs) in the juxtamembrane (JM) domain of FLT3 are 

demonstrated in approximate 20% of AML.  In addition, substitution mutations in the 

FLT3 second tyrosine kinase (TK2) domain at D835 (FLT3-D835) have recently been 

reported in approximately 7% of patients with AML.  Both the FLT3-ITD and FLT3-

D835 mutations result in constitutive activation of the receptor that confers IL-3-

independent growth in murine hematopoietic cell lines 32Dcl3 and Ba/F3 with ligand-

independent dimerization, autophosphorylation and activation of downstream 

pathways such as STAT5 and MAP kinase (16).  These FLT3 mutations confer an 

increased relapse rate in several studies (16).   
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8. Possible targets for therapy of CBF leukemia 

 The understanding of the molecular pathogenesis of CBF leukemias provides 

several potential for therapeutic intervention.  It might be possible to identify small 

molecules that specifically inhibit the translocation fusion proteins without affecting 

the function of native CBF (99).  Such small molecules might reverse the block in 

differentiation in hematopoietic cells that are mediated by leukemogenic fusion 

proteins, resulting in differentiation and subsequent apoptosis of cells.  Finally, small 

molecules that would stabilize DNA binding in cases of hemizygous inactivating 

mutations might have therapeutic efficacy.  For example, in a patient with loss of 

function of a single AML1 allele, molecules that stabilize or enhance transcription that 

is mediated by the gene product of the residual allele might allow for normal 

hematopoietic differentiation (98).  Collectively, the analysis of CBF has provided 

important for the normal homeostatic mechanisms that govern hematopoietic 

development, and how disruption of CBF function can contribute to the 

leukemogenesis.  These insights should, in turn, provide a foundation for the 

development of new molecularly targeted therapies for CBF leukemias.  Recently 

several studies showed that the specific inhibitors of tyrosine kinases, including FLT3 

and c-KIT, might also prove useful in a subset of CBF leukemias (33). 
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CHAPTER IV 

MATERIALS AND METHODS 
 

 

1. Materials 

1.1 Leukemic and normal samples 

Archived consecutive samples of newly diagnosed adult de novo AML patients 

at the Department of Medicine, Faculty of Medicine Siriraj Hospital, Mahidol 

University were available for complete analysis in this study.  The study is a part of a 

large Leukemia Project funded by Mahidol University and approved by the Ethical 

Committee, Faculty of Medicine Siriraj Hospital.  Approximately 2-4 mL of bone 

marrow (BM) or 5-10 mL peripheral blood (PB) samples were collected from each 

consented patient.  AML was diagnosed by the standard morphological, cytochemical, 

and immunophenotypic methods according to the FAB Classification (100).   

Four hundred and fourteen patients from year 2000-2004 were used for AML1 

point mutation detection whereas 108 patients from year 2004-2005 were included in 

AML1-ETO fusion gene analysis. 

 

1.2 Oligonucleotide primers  

Figures 14, 15, and 16 show the locations of the three primer pairs designed to 

amplify the runt domain of AML1.  Nucleotide sequences, numbers, and product sizes 

after amplifications with all primers are listed in Table 3.   

PCR of AML1-ETO fusion gene was amplified using three primers, AE_F1, 

AE_R1 and AE_ F2 (Figure 17).  The sequences of these primers were shown in Table 

5.  Figure 16 shows the diagram of the primers used to amplify AML1-ETO.  The first 

round PCR amplification was performed using AE_F1 and AE_R1 primers.  The 

AE_F1 primer was AML1 sense primer responsible for the nucleotides 1163-1184 

based on the nomenclature of Miyoshi et al, 1991 (55).  The AE_R1 was the ETO 

antisense primer that binds to nucleotide 100-120 downstream to the AML1-ETO 

breakpoint.  The second semi-nested PCR was performed using the same AE_R1 but 
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with an internal AML1 primer, AE_F2.  The AE_F2 was the nucleotides 1201-1220 

based on the nomenclature of Miyoshi et al, 1991 (55).  The AE_F1-AE_R1 pair of 

primers and the AE_F2-AE_R1 generated 261 and 223 bp fragment, respectively.  

Additionally, one pair of primer for the amplification of β-actin cDNA (BA_F1 and 

BA_R1) was included to assess the integrity of RNA. 

 

1.3 Monoclonal antibodies 

For flow cytometric analysis, a cocktail of monoclonal antibodies (BD Biosciences, 

CA, USA) were used as listed in Table 7. 

 

1.4 Other materials 

Chemicals, instruments, enzymes, reagents and others are listed in the appendix. 
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Table 7 Relevant antigens in immunophenotyping of acute leukemias. 
Designation Cell type Antigen 

CD2 T-cells, most NK cells Erythrocyte-rosette receptor 
CD3 Surface expression on mature T-cells, 

cytoplasmic 
Associated with the T cell receptor, 
mediates signal expression in 
immature T cells transduction 

CD5 Thymocytes, mature T cells, subpopulation 
of B cells 

Linked to T cell proliferation 

CD7 T-cells, NK-cells, subpopulation of 
immature myeloid cells 

40 kDa protein 

CD10 c-ALL, lymphatic precursor cells, 
neutrophils subset of mature B cells 

Common acute leukemia antigen 
(CALLA), neutral endopeptidase 

CD11c Monocytes, neutrophils, NK-cells, 
subpopulation of B-cells 

Adhesion molecule, gp 150/95 

CD13 Myeloid cells Aminopeptidase N 
CD14 Monocytes and neutrophils LPS receptor 
CD16 NK-cells, neutrophils, subpopulation of 

monocytes 
Low-affinity Fc-receptor for IgG 

CD19 Precursor B-cells, B-cells Bridge for surface immunoglobulin 
signal 

CD20 Subpopulation of precursor B-cells, B-cells Ion channel, protein kinase C 
substrate 

CD22 Surface expression on B-cells, cytoplasmic 
expression in precursor B-cells 

Related to neutral cell adhesion 
molecule, bridge for surface 
immunoglobulin signal 

CD33 Monocytes, myeloid precursor cells, weak 
expression on 

67 kDa glycoprotein neutrophils 

CD34 Myeloid and lymphoid precursor cells 105-120kDa glycoprotein 
CD41a Platelets, megakaryocytes Glycoprotein Iib/IIIa, fibrinogen 

receptor 
CD45 All leukocytes T200 antigen, protein-tyrosine-

phosphatase 
CD56 NK-cells N-CAM 
CD64 Monocytes, macrophages High-affinity receptor for IgG 
CD117 Myeloid precursors cells C-kit, stem cell factor receptor 
HLA-DR B-lymphocytes, activated T-lymphocytes, 

monocytes 
Part of the MHC II complex precursor 
cells 

Glycophorin A (GlyA) Erythrocytes, erythroblasts and erythroid 
precursor cells 

Sialinic acid-rich polypeptide 

Nuclear terminal 

deoxynucleotidyl transferase 

(TdT) 

Nuclear expression in lymphoid precursor 
cells 

Terminal deoxynucleotidyl 
transferase 

Myeloperoxidase (MPO) Lysosomal expression in neutrophils and 
monocytes, 

Myeloperoxidase including immature 
myeloid cells 
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Figure 14  Nucleotide sequences for the PCR amplification of exon 3 of AML1 gene.  

Primers are indicated in blocks.  Underlined were sequences of exons.  

Arrows indicate 5’ to 3’ direction of the primers (primers Ex_3F and 

Ex_3R).  Complete sequence of the AML1 gene (accession number D43968) 

was retrieved from GenBank database. 
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Figure 15  Nucleotide sequences for the PCR amplification of exon 4 of AML1 gene.  

Primers are indicated in blocks.  Underlined are sequences of exons.  

Arrows indicate 5’ to 3’ direction of the primers (primers Ex_4F and 

Ex_4R).  Complete sequences of the AML1 gene (accession number 

D43968) was retrieved from GenBank database. 
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Figure 16  Nucleotide sequences for the PCR amplification of exon 5 of AML1 gene.  

Primers are indicated in blocks.  Underlined are sequences of exons.  

Arrows indicate 5’ to 3’ direction of the primers (primers Ex_5F and 

Ex_5R).  Complete sequences of the AML1 gene (accession number 

D43968) was retrieved from GenBank database. 
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Figure 17 Nucleotide sequences of AML1-ETO fusion cDNA.  The break point is 

indicated by a vertical line.  Arrows indicate 5’ to 3’ direction of the 

primers (primers AE_F1, AE_F2 and AE_R1).  The sequence data reported 

here have been deposited in GenBank sequence database under the 

accession number D13979. 
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Table 8  The nucleotide sequences of the primers for the amplification of AML1 

mutation and AML1-ETO fusion gene. 

Fragment Nucleotide sequence (5’ - 3’) 
No. of 

nucleotide 

Product 

size (bp)

1. AML1 mutation 

    1.1 Ex_3F 

    1.2 Ex_3R 

    1.3 Ex_4F 

    1.4 Ex_4R 

    1.5 Ex_5F 

    1.6 Ex_5R 

 

AGCTGTTTGCAGGGTCCTAA 

GTCCTCCCACCACCCTCT 

CATTGCTATTCCTCTGCAACC 

CCATGAAACGTGTTTCAAGC 

CCACCAACCTCATTCTGTTT 

AGACATGGTCCCTGAGTATA 

 

20 

18 

21 

20 

20 

20 

 

336 

 

332 

 

224 

 

2. AML1-ETO 

     2.1 AE_F1 

     2.2 AE_R1 

     2.3 AE_F2 

     2.4 BA_F1 

     2.5 BA_R1 

 

ATGACCTCAGGTTTGTCGGTCG 

TGAACTGGTTCTTGGAGCTCCT 

AGCTTCACTCTGACCATCAC 

GTGGGGCGCCCCAGGCACCA 

GTCCTTAATGTCACGCACGATTTC 

 

22 

22 

20 

20 

24 

 

261 

223 

 

560 
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Figure 18  The schematic representation of the product of AML1-ETO fusion gene.  

Arrows indicate the location of the oligonucleotide primers and the 

direction of transcription. 
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2. Methods 

2.1 Experimental strategy 

BM or PB samples were diluted by adding an equal volume of phosphate 

buffered saline (PBS) at pH of 7.3 (see Appendix).  Five to ten mL of the diluted 

samples were layered on Ficoll-hypaque reagent and then centrifuged at 2,000 rpm for 

20 minutes in a swing-out rotor.  The mononuclear cells (MNC) layer was collected 

and washed twice with PBS.  The mononuclear pellets were stored in 1.5 mL 

microtube until use for nucleic acid preparation. 

Total RNA and DNA were isolated from leukocytes by phenol/chloroform 

method.  For the detection of AML1-ETO fusion, 108 AML patients were studied.  The 

cDNA was synthesized by the reaction of AMV RT cDNA synthesis kit.  The AML1-

ETO fusion was detected by a semi-nested RT-PCR method using three primers.  414 

AML patients were screened for AML1 mutation by polymerase chain reaction–single-

strand conformation polymorphism (PCR-SSCP).  Abnormal SSCP bands were 

confirmed by an independent amplification and SSCP analysis.  The sequencing 

analysis was performed to identify the nucleotide alteration and type of AML1 

mutation as well as to confirm the presence of AML1-ETO fusion and rule out the 

possibility of false positive results.  All AML patients harboring AML1 mutation or 

AML1-ETO were also studied for FLT3 mutation.  The results of AML1 genotypes 

were correlated with immunophenotypes, karyotypes, and clinical data.  The 

experimental strategy is shown in Figure 19. 
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Figure 19 Flow chart of the experimental strategy used to study AML1 abnormalities 

in this study 
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OD260 x dilution factor x 40  

1000

2.2 RNA preparation 

Total RNA was extracted from MNC by a single-step method using TRIZOL™ 

reagent (Invitrogen corperation, CA, USA).  One mL of TRIZOL™ reagent was added 

to lyse the MNC.  The homogenized samples were incubated for 5 minutes at 15-30 ºC 

to permit the complete dissociation of nucleoprotein complexes.  Two hundred 

microlitres of chloroform were added to 1 mL of TRIZOL™ regent, gently mixed for 

15 seconds and incubated for 2-3 minutes, then centrifuged at 12,000xg for 15 minutes 

at 4 ºC.  Following the centrifugation, the mixture was separated into a lower red 

phenol-chloroform phase, interphase, and a colorless upper aqueous phase.  RNA, 

which was exclusively in the aqueous phase, was transferred to a fresh tube and the 

total RNA was precipitated by adding 0.5 mL of isopropyl alcohol per original 1 mL 

of TRIZOL™ reagent.  Samples were incubated at room temperature for 10 minutes 

and centrifuged at 12,000xg for 10 minutes at 4 ºC.  The supernatant was discarded.  

The RNA pellet was then washed with 75% ethanol before centrifugation at 7,500xg 

for 5 minutes at 4 ºC.  The RNA pellet was dried shortly.  The RNA was dissolved in 

20-50 µL in RNase-free water or sterile diethyl pyrocarbonate (DEPC)-treated water, 

depending on the amount of RNA.  The concentration of the total RNA was estimated 

by using the following formula: 

 

Concentration of RNA (µg/ml) =  

 

The RNA was kept in DEPC-treated water at -20 ºC.  For long-term storage, RNA 

was precipitated and kept in 75 % ethanol at -70 ºC. 

 

2.3 Genomic DNA preparation 

Genomic DNA was prepared from mononuclear cell (MNC) by standard 

phenol/chloroform method.  After isolation of total RNA, the genomic DNA was 

harvested from the remaining suspension.  Then precipitated by 300 µL of absolute 

ethanol.  Then the DNA pellet was wash with 1 mL of 0.1 M of sodium citrate in 10% 

ethanol and centrifuged at 5,000xg for 5 minutes.  Repeated this step twice times and 

wash with 1.5 mL of 75% ethanol for 10-20 minutes.  DNA pellet was collected, air 

dried at room temperature and dissolved in an appropriate volume of sterile water.  
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The concentration of DNA was estimated from the measurement of OD260 and 

calculated by using following formula: 

  

 Concentration of DNA (ng/µl) = OD260 x dilution factor x 50 

 

2.4 cDNA preparation  

cDNA was synthesized by the reaction of AMV RT cDNA synthesis kit 

(Promega Corporation, USA).  The reverse transcription reaction was primed with 

either oligo (dT)1 or random primers.  One µg of mRNA was placed in a mixture 

reaction that contained 5 mM MgCl2, 1x reverse transcription buffer, 1 mM each 

dNTP, 1 u/µl recombinant RNasin® ribonuclease inhibitor, 15 u/µl AMV reverse 

transcriptase, 0.5 µg oligo (dT)15  or random primers per 1 microgram of mRNA.  The 

cDNA was synthesized at 42 ºC for 45 minutes.  The first-strand cDNA was kept in -

20 ºC. 

 

2.5 Detection of AML1-ETO fusion by semi-nested RT-PCR 

 The AML1-ETO fusion gene was detected by the semi-nested RT-PCR method.  

Two pairs of primers were designed.  The first pair was used for the first round PCR 

and the second pair was used for the second round PCR (nested PCR) to enhance the 

sensitivity of the assay.  The integrity of RNA preparation was confirmed by RT-PCR 

amplification of β–actin mRNA in the same reaction of AML patients. 

First round PCR reaction mixture was made up in the total volume of 25 µL 

with the following constituents, 0.5 U Taq DNA polymerase, 1x Taq polymerase 

buffer, 1.75 mM MgCl2, 0.4 µM of AE_F1 and AE_R1 oligonucleotide primers, 0.625 

µM of BA_F1 and BA_R1, and 4 mM dNTP.  cDNA was then synthesized from 1 µg 

of total RNA.  The reaction mixture was briefly centrifuged and then placed in a 

thermal cycler with the PCR profile as follows: initial denaturation at 94 °C for 5 

minutes and 35 cycles of denaturation at 93 °C for 1 minute, annealing at 63 °C for 1 

minute and extension at 72 °C for 1 minute with post extension step at 72 °C for 5 

minutes.  PCR products were visualized on ethidium bromide-stained 2% agarose gels.  

A second round, semi-nested PCR was performed on 1 µL of the first round PCR 
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product for 35 cycles under the same condition as the first round PCR but with 0.4 µM 

of AE_R1 and AE_F2 oligonucleotide primers.  Water and normal cDNA were used 

as controls for PCR steps.  AML patients with AML1-ETO were used as a positive 

control.   

 

2.6 Screening of AML1 mutation by PCR-SSCP analysis 

PCR-SSCP technique was used to screen for AML1 mutation in the exons 3, 4 

and 5 which correspond to the runt domain.  PCR was performed with 100 ng of 

genomic DNA, 1x PCR buffer, 1.5 mmol/L MgCl2, 10 µmol/L dNTP, 10 pmol of each 

primer, 0.5 U of Taq DNA polymerase (Immolase, Bioline, Germany) in a total 

reaction volume of 25 µL.  PCR amplification was performed on a Thermal Cycler 

(Perkin Elmer PCR2400, USA) under the following conditions: initial denaturation at 

94 °C for 5 minutes, 35 cycles at 94 °C for 30 seconds, 62°C for 1 min (exon 3) or 57 

°C for 1 min (exon 4 and 5) and 72 °C for 1 min, followed by a final elongation at 72 

°C for 5 min.  For the SSCP analysis, 2 µL of the PCR product was mixed with 8 µL 

of formamide dye.  The products were heated at 95 °C for 10 minutes then cooled on 

ice for 10 minutes, then applied to 10% nondenaturing polyacrylamide containing 5% 

(v/v) glycerol.  The 10% polyacrylamide gel was prepared by mixing 2.5 mL of stock 

40% acrylamide-bisacrylamide (49:1), 2 mL of 5x Tris-borate-EDTA (TBE) buffer, 

500 µL of glycerol, 4.93 mL of distilled water, 70 µL of 10% ammonium persulphate, 

and 4 µL of tetramethyl etylenediamine (TEMED) in a total volume of 10 mL.  

Electrophoresis was carried out at 150 V for 3 hours (exons 3 and 5) or 200 V for 2 

hours (exon 4) in 1x TBE buffer (Table 9).  The silver staining method was performed 

to visualize SSCP bands.  To control for SSCP conditions, DNA from normal controls 

was also studied in the same condition as leukemic samples.  All PCR products with 

abnormal SSCP bands were confirmed by an independent amplification and SSCP 

analysis.   

 

2.7 Silver staining 

The gel was fixed in 50 mL of 40% methanol for 10 minutes and 160 mM 

HNO3 for 6 minutes, then rinsed and washed twice in deionized water for 5 minutes.  
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After that, 50 mL of the silver staining solution (0.2% W/V AgNO3) were added and 

the gel was left to stain for 20 minutes each time.  Fifty milliliters of developer (3% 

W/V Na2CO3 and formaldehyde) were added into the gel and shaking for 5 minutes.  

The solution was discarded and the gel was rinsed and washed with deionized water.  

The gel was also dried on a sheet of filter paper in a slab gel-dryer at room 

temperature for 24-48 hours. 

 

Table 9  The PCR-SSCP conditions for the detection of AML1 mutation. 

PCR condition SSCP condition 

Fragment 
Product 

size (bp) 

Annealing temp (ºC) 

and additive solution 

Polyacrylamide-

gel (%) 

Duration of 

eletrophoresis 

(hours) 

Temp 

(ºC) 

Exon 3 336 62 + 10% DMSO 10  3 RT 

Exon 4 332 57  10 2 RT 

Exon 5 224 57 10 3 RT 

 

DMSO: Dimethyl sulfoxide 

RT: Room temperature 
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2.8 Sequencing of PCR products 

2.8.1 Purification of PCR products 

All PCR products with abnormal SSCP bands or AML1-ETO positive 

bands were purified and sequenced in both directions to identify the type of mutations.  

The aberrant products were separated by electrophoresis on 2% agarose gel and cut 

with a sharp blade.  The selected bands were placed into a 15-mL centrifuge tube.  The 

volume of gel was estimated from its weight and three volumes of QG buffer 

(QIAGEN, Chatsworth, CA, USA) were added to the gel.  The gel was then incubated 

at 50 °C for 10 minutes in a waterbath until gel completely dissolved.  One gel volume 

of isopropanol was added.  After that, the mixture was applied to QIAquick column 

and the column was then placed in a 1.5 mL collection tube.  The column set was spun 

at 12,000xg for 1 minute whereby the PCR products were trapped by the column.  The 

residual agarose was removed from the column by adding 0.5 mL of QG buffer and 

centrifuged again.  The column was washed with 0.75 mL of PE buffer and spun again.  

The PCR products were eluted from the column by soaking with 10-30 µL of elution 

buffer or distilled water for 1 minute and the products solution was collected into a 1.5 

mL microtube by centrifugation at 12,000xg for 1 minute.  The purified product was 

run on agarose gel electrophoresis and its concentration was estimated from band 

intensity by comparing to standard DNA markers, Φx174 DNA digested with HaeIII. 

 

2.8.2 Cycle sequencing  

The nucleotide sequences of the purified PCR product were analyzed 

by the automated sequencer, MegaBACETM 1000 Automated DNA Sequencer 

(Amersham Life Science, USA).  The cycle sequencing reaction was performed using 

the DYEnamicTM ET Dye Terminator Cycle Sequencing Kit for MegaBACETM 

(Amersham Pharmacia Biotech, UK) following the manufacturer’s protocol. 

The reaction mixture was made by mixing 4 µL terminator ready 

reaction mix, 3.2 pmol primer, 30-40 ng of purified PCR product (as DNA template), 

and distilled water to a total volume of 20 µL.  Using a Thermal Cycler (Perkin Elmer 

PCR 2400, USA), the DNA template in a mixture was amplified for 25 cycles, each of 

which consisted of 96 °C for 10 second, 50 °C for 5 second, and 60 °C for 4 minutes. 
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2.8.3 Preparation of cycle sequencing product for loading 

The cycle sequencing product was purified from the excessive dye 

terminators by precipitation with 2 µL of 3 M sodium acetate, pH 4.6, and 50 µL of 

absolute ethanol.  The pellet was rinsed with 250 µL of 70% ethanol and dried in the 

dark place for 10-15 minutes.  The suspension was then loaded to the MegaBACETM 

1000 Automated DNA Sequencer (Amersham Life Science, USA).  

 

2.8.4 Analysis of DNA sequence 

The sequencing product suspension was automatically injected into the 

capillary for 30 seconds at 2.5 kV and subjected to capillary electrophoresis in the 

POP-6 polymer for 2 hours at 12.2 kV, 50 °C.  Raw electrophoregram was collected 

using the MegaBACE Sequence Analyzer 3.0.0111.1603 (Amersham Bioscience, 

USA).  The sequence data was examined by Sequencer Navigator and analyzed by 

MacVector 4.5.3 software. 

 

2.9 FLT3 mutation analysis  

FLT3 analysis was investigated in 16 AML patients with AML1-ETO fusion 

and 16 AML patients with AML1 point mutation.  The methods of FLT3 mutation 

analysis were performed according to the methods previously established (101).   

  

2.9.1 Polymerase chain reaction analysis of FLT3 internal tandem 

duplication (ITD) mutation  

  FLT3-ITD was determined by the amplification of exon 14 to exon 15.  

PCR reaction was performed using a 25 µL PCR mixture which contained 50 ng of 

DNA template, 2.5 mL of 10x PCR buffer, 0.5 µL of 50 mM of MgCl2, 0.5 µL of 10 

mM of dNTP, 1 µL of 10 pmol/µl of each 11F and 12R primers, 0.125 of 1U/µL of 

Taq DNA polymerase, and 17.375 µL of sterile distilled water.   

 PCR was performed in the Thermal Cycler  under the following 

conditions: i) initial denaturation at 94 °C for 12 minute, ii) 30 cycles of denaturation 

at 94 °C for 1 minute, iii) annealing at 59 °C for 1 minute and extension at 72 ° C for 2 

minute, and iv) final extension at 72 °C for 10 minutes.  The PCR products were 

visualized by electrophoresed with 2-2.5 % agarose gel at 100 volts for approximately 
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60 minutes.  The gel was stained in a 2 µg/mL ethidium bromide solution and the PCR 

products were viewed on gel documentation machine. 

 

2.9.2 PCR-RFLP analysis for the detection of FLT3 tyrosine 

kinase domain (TKD) mutation  

  Exon 20 of FLT3, a part of tyrosine kinase domain, was amplified to 

detect FLT3-TKD mutation.  PCR reaction contained 100 ng of DNA template, 2.5 µL 

of 10x PCR buffer, 0.5 µL of 50 mM of MgCl2, 0.5 µL of 10 mM of dNTP, 1 µL of 10 

pmol/ul each of 17F and 17R primers, 0.125 of 1U/uL of Taq DNA polymerase, and 

17.375 µL of sterile distilled water.  PCR reactions were performed for 30 cycles in 

the Thermal Cycler.  The details of PCR cycles were as followed (i) denaturation at 94 

°C for 30 seconds (7 minutes for the first cycle), (ii) annealing at 59 °C for 30 seconds, 

(iii) extension at 72 ° C for 1 minute (5 minutes for the last cycle).  Electrophoresis 

was performed in 2% agarose gel to check the PCR product. 

  The PCR products were digested with restriction enzyme EcoRV.  The 

digestion reaction was carried out in 20 µL which contained 10-15 µL of PCR 

products, 1 µL of 5x EcoRV buffer, 0.25 µl of 1U/µL EcoRV enzyme followed by 

adding sterile distilled water to final volume of 20 uL.  The mixture was incubated at 

37°C overnight.  After complete digestion, the digested products were fractionated 

through 2.5% agarose gel electrophoresis. 

 

2.10 Flow cytometric analysis of leukemic samples 

Mononuclear cells (MNC) were prepared from bone marrow or peripheral 

blood by using Ficoll-hypaque density gradient centrifugation. MNCs were stained 

with various monoclonal antibodies (mAbs) labled with fluorescein isothiocyanate 

(FITC), phycoerythrin (PE), and peridinin chlorophyll protein (PerCP).  These labeled 

monoclonal antibodies against the following antigens.: CD2, CD3, CD5, CD7, CD10, 

CD11c, CD13, CD14, CD16, CD19, CD20, CD22, CD33, CD34, CD41a, CD45, 

CD56, CD117, glycophorin A (GlyA), anti MPO and TdT (Table 7).  Cytoplasmic 

antigens (MPO and TdT) were stained after permeabilizing the cell with FACSTM 

Permeabilizing solution (Becton Dickinson, San Jose, CA, USA).  Analysis was 
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performed using FACScalibur flow cytometry (Becton Dickinson).  An antigen was 

considered positive when the gated cells expressed at least 20% of antigen (102). 

 

2.11 Chromosome analysis of leukemic samples 

 Chromosome studies were performed at the DNA Center, Bangkok.  

Conventional chromosome banding studies were performed using standard techniques 

and chromosomal abnormalities were described according to the International System 

for Cytogenetic Nomenclature (ISCN) (103). 

 

2.12 Statistical analysis 

The Mann-Whitney test was used to compare quantitative variable.  

Comparison of qualitative variables was performed using a Fisher’s exact test (74).  

For all analyses, a p-value of less than 0.05 was considered statistically significant. 
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CHAPTER V 

RESULTS 
 

 

1. Analysis of AML1-ETO fusion gene in Thai adult AML patients 

One hundred and eight consecutive samples of AML patients diagnosed in the 

year 2004-2005 were available for RT-PCR analysis of AML1-ETO fusion gene.  They 

were classified as follow: 2 cases of M0, 18 cases of M1, 36 cases of M2, 23 cases of 

M3, 18 cases of M4, 8 cases of M5, and 3 cases of M6  

 

1.1 AML1-ETO fusion gene detected by RT-PCR 

RT-PCR analysis for the detection of AML1-ETO fusion in 108 Thai AML 

patients was performed.  The specificity of the PCR products was confirmed by 

sequencing the semi-nested products across the molecular breakpoint.  The fusion 

gene contained the 5’AML1 gene fused with the 3’ part of the ETO gene.  The integrity 

and quality of synthesized cDNA was assessed by RT-PCR amplification of the β- 

actin gene in the same reaction of AML1-ETO fusion gene.  Figure 20 shows the PCR 

products of 16 AML patients who were found to carry AML1-ETO fusion gene.  The 

length of AML1-ETO and β-actin amplified product were 223 bp and 560 bp, 

respectively. 

Figure 21 shows the nucleotide sequences of AML1-ETO.  The breakpoints of 

AML1-ETO fusion gene located at exon 5 of AML1 gene and exon 1 of ETO gene 

which generated a fusion product of 223 bp.  RNA of normal healthy controls and 

positive controls were also reverse-transcribed and amplified in parallel with all 

leukemia samples.   
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Figure 20 Agarose gel electrophoresis of 16 AML patients with AML1-ETO fusion 

gene.  Lanes PC, NC and B are positive control, negative control and blank, 

respectively.  Lane M is a 100-bp DNA ladder used as a standard-size 

marker. 
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Figure 21  Sequencing analysis of AML1-ETO fusion gene.  (A) Nucleotide sequences 

of a positive control, sequenced by a forward primer (5’-3’) and (B) Patient 

no. 561 sequenced by a reverse primer (5’-3’). 
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1.2 The frequency of AML1-ETO fusion gene in Thai adult AML patients 

The AML1-ETO was detected in 16 out of 108 AML patients (15%) as shown 

in Table 10.  According to the FAB Classification, most of the AML1-ETO fusion gene 

was detected in AML-M2 subtype (38%).  One patient each in M4 (6%) or M5 

subtype (13%) subtype had the fusion gene while no cases of M0, M1, M3, and M6 

AML did. Fifteen patients with AML1-ETO detected by RT-PCR were found to have 

t(8;21)(q22;q22) by karyotypic analysis.  One patient had a normal karyotype 

(no.561). 

 

Table 10 The frequency of AML1-ETO in Thai AML patients (n=108) 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

FAB subtype 

 

No. studied 

 

Presence of 

AML1-ETO 

% of total 

cases studied 

M0 2 0 0 

M1 18 0 0 

M2 37 14 38 

M3 22 0 0 

M4 18 1 5.5 

M5 8 1 12.5 

M6 3 0 0 

Total 108 16 15 



Fac. of Grad. Studies, Mahidol Univ.  M.Sc. (Immunology) / 65   
                     
 

1.3 Clinical characteristics of AML patients with AML1-ETO fusion gene 

Table 11 shows the characteristics of AML-M2 patients with AML1-ETO 

(AML1-ETO positive) compared with AML-M2 patients who did not find AML1-ETO 

(AML1-ETO negative).  The majority of patients with AML1-ETO were young to 

middle-aged adults with the median age of 36 years (range 15-59).  Eleven males and 

5 females (male to female ratio of 2.2) were found in this cohort.  Interestingly, the 

patients with AML1-ETO showed a significantly lower median age than those without 

AML1-ETO (p=0.006).  Forty three percent of patients with AML1-ETO were younger 

than 30 years old.  The median white blood cell (WBC) count in the AML1-ETO 

positive group was relatively not highly elevated (median, 20x109/L) and the majority 

of cases had the WBC count below 50x109/L, except for three patients.  Eleven of 16 

patients with AML1-ETO (69%) were moderately to markedly pale and the 

hematocrits (Hct) were mostly below 25%.  The platelet (Plt) counts were slightly 

lower in the AML1-ETO positive group with the median of 28x109/L.  The median 

blast counts were not different between the two groups, with or without AML1-ETO. 

 
Table 11 Clinical features of AML-M2 patients with or without AML1-ETO fusion gene.  

 

 

 

 

 

 

 

 

 

 
1Patients with the following karyotypes, 14 normal karyotype, 1 del 5, 1 del 9, and 6 

patients with failed karyotypic analysis. 
2Statistical significance 

 

 

 

Parameter 
AML1-ETO 

positive (n=16)  

AML1-ETO 

negative1(n=22) 

P value 

Median age (years) 

Median Hb (g/dL) 

Median Plt (x109/L) 

Median Hct (%) 

Median WBC (x109/L) 

Median RBC ( x109/L) 

Median % blast 

36.0 

8.20 

28.00 

23.60 

20.30 

3.08 

55.00 

43.00 

8.10 

40.00 

24.70 

26.00 

2.79 

52.00 

0.0062 

0.485 

0.189 

0.727 

0.366 

0.799 

0.666 
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1.4 Association of AML1-ETO fusion gene with karyotypes 

All AML patients who had t(8;21)(q22;q22) were found to have the AML1-

ETO fusion gene as detected by RT-PCR analysis.  Additionally, AML1-ETO was also 

detected in one patient with a normal karyotype.  Interestingly, 7 out of 16 cases (41%) 

with t(8;21) and AML1-ETO had loss of a sex chromosome (X loss in 2 females and Y 

loss in 5 males).  Two patients with t(8;21) and loss of Y chromosome also had 

t(4;15)(p14;q13) or the addition of chromosomal band 17(p13).  One AML-M2 with 

AML1-ETO had also a deletion of the long arm of chromosome 9(q22q33).   

 

1.5 Association of AML1-ETO with immunophenotypes 

Immunophenotypic findings of 14 AML-M2 patients with AML1-ETO fusion 

gene were compared to 22 AML-M2 with a normal karyotype or other molecular 

abnormalities.  Table 12 shows the antigenic expression of AML-M2 patients with and 

without AML1-ETO.  High proportion of patients with AML1-ETO expressed myeloid 

antigens including CD11c (85.7%), CD13 (100%), CD33 (93%), CD34 (78.4%), 

CD64 (54.5%), and CD117 (100%).  Additional antigens that were highly expressed in 

AML patients with AML1-ETO were HLA-DR (93%) and MPO (93%).  Patients with 

AML1-ETO had a higher incidence of CD56 and CD117 expression (p<0.05) as 

compared to those without AML1-ETO.  Patients with AML1-ETO had a higher 

intensity of CD56 (median expression, 61% vs 12%) (p=0.034) but slightly lower 

CD33 (median expression, 86.4% vs 96.5%) (p=0.02) as compared to patients lacking 

AML1-ETO (Figure 22). 

Figures 23 and 24 show the flow cytometric analysis and morphological 

features of a representative AML-M2 patient who had t(8;21) with AML1-ETO (no. 

597) and AML-M2 with a normal karyotype but no detectable AML1-ETO (no.474), 

respectively.   
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Figure 23 Immunophenotypic markers and morphological features of a representative 

AML-M2 patient with AML1-ETO by RT-PCR and t(8;21) by karyotyping 

(no. 414).   
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Figure 24 Immunophenotypic markers and morphological features of a representative 

AML-M2 without AML1-ETO, who had a normal karyotype. 

 



Fac. of Grad. Studies, Mahidol Univ.  M.Sc. (Immunology) / 71   
                     
 

1.6 Association studies of AML1-ETO fusion gene and FLT3 mutation 

Sixteen patients with AML1-ETO were studied for FLT3 mutations in both 

TKD and ITD mutations.  Only one patient who had AML1-ETO was found to have a 

TKD mutation.  The amplified product of the wild-type was digested into 2 bands (68 

bp and 46 bp) by EcoRV whereas the amplified products containing TKD mutation 

had an undigested band of 114 bp (no. 529) as shown in Figure 25.  No patients with 

AML1-ETO were found to have an ITD mutation.  The summary of all 16 AML 

patients with AML1-ETO and associated karyotypes and FLT3 genotype was 

delineated in Table 13. 

 

         
 
                                 M   414  428  464  493  529  542  561  577  579  597  599    

 
 
 
 
 
 
 
 
 
 

 
Figure 25 Agarose gel electrophoresis of AML patients with AML1-ETO who had 

also found a FLT3 TKD mutation (no.529).  The amplified products of the 

wild-type were digested into 2 bands (68 bp and 46 bp) by EcoRV whereas 

the amplified products containing TKD mutation had an undigested band 

(114 bp).  Lane M is a 100-bp DNA ladder used as a standard-size marker. 
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2. Analysis of AML1 mutation in 414 Thai adult AML patients 

2.1 FAB classification of 414 AML patients 

According to the FAB criteria, 414 Thai adult de novo AML cases could be 

subsequently classified into 8 subtypes.  As shown in Table 14, the major subtypes 

were M1 (23.7%), M2 (27.5%), M3 (18.9%), and M4 (16.2%).  M0, M5, M6, and M7 

were infrequently found accounted for 1.7%, 7.7%, 1.9%, and 0.2%, of all cases, 

respectively. 

 

Table 14 FAB classification of 414 Thai adult de novo AML patients. 

 
AML subtype No. studied % of total cases 

 M0 7 1.7 

M1 98 23.7 

M2 114 27.5 

M3 78 18.9 

M4 67 16.2 

M5 32 7.7 

M6 8 1.9 

M7 1 0.2 
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2.2 Cytogenetic profile of 414 AML patients 

Of 414 AML cases, about half had a normal karyotype as shown in Table 15.  

According to the WHO criteria, AML with recurrent translocations were accounted for 

17.1% of all cases, including 9.4% of t(8;21), 4.1% of t(15;17), 2.2% of inv(16), and 

1.2% of chromosome 11q23 abnormalities.  The t(16;21), monosomy 7, deletion of 

chromosome 9, trisomy 8 and trisomy 21 or 21q+ were found in 0.7%, 3.9%, 2.2%, 

3.1%, and 1.7%, respectively.  The t(9;22) or monosomy 5 was each found in 2% of 

all cases. 

 

Table 15 Incidence of chromosome abnormalities in 414 Thai Adult AML patients1. 

1Performed by Cytogenetic Laboratory, DNA Center, Bangkok 

 

Karyotype  No. of studied % of total cases 

     t(8;21) 

     t(15;17) 

     inv(16) 

     11q23 abnormalities 

39 

18 

9 

5 

9.4 

4.3 

2.2 

1.2 

t(9;22) 8 2.0 

t(16;21) 3 0.7 

-5 8 2.0 

-7 16 3.9 

del(9) 9 2.2 

+8 13 3.1 

+21/21q+ 7 1.7 

Normal karyotype 195 47.1 

Other abnormalities 44 10.7 

Chromosome analysis not performed 41 9.9 
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2.3 AML1 mutation detected by PCR analysis 

Exons 3, 4 and 5 of AML1 gene, responsible for the runt domain of AML1 

protein were amplified using primers designed to be specific for each fragments.  After 

amplification, an aliquot of PCR product was examined by agarose gel electrophoresis.  

The size of exons 3, 4 and 5 was 336, 332 and 224 bp, respectively.  Figure 26 shows 

the PCR products of gene obtained from 16 AML patients who had AML1 mutation, 

including six each involving exon 3 or exon 4 and one of exon 5.  Additionally, two 

patients had AML1 mutations in intron 5 and one in intron 3.  Sample no. 16 and 159 

(exon 5) had two different sizes of PCR fragments.  The larger fragment was wild-type 

and the smaller fragment was mutant with deleted 17 nucleotide bases.  Sample no. 

105, 219, and 342 (exon 4) showed one extra mutant fragment.  Interestingly, one 

heteroduplex formation between the wild type and the mutant AML1 could be seen in 

case no. 460.  All extra bands were contained nucleotide insertions.  Nine nucleotide 

bases were inserted in DNA fragment obtained from patient no. 105 and 219.  DNA 

obtained from patient no. 342 was inserted by 5 nucleotide bases while no. 460 had a 

duplicated 22 nucleotide bases in the DNA fragment of the exon 4.  
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                                  M     03      89      94      322    455     549     NC    B    

                         
 
                       M    06   105    219   342   460   565   597   NC   B    

 
 

                                              M     16    159     514    NC     B            

 
 

 
       
 
Figure 26 Agarose gel electrophoresis of PCR products from 16 cases with AML1 

mutation.  Panels A, B and C represent the PCR products of 16 patients 

with AML1 mutation in exons 3, 4, and 5, respectively.  Lane M is a 

100-bp DNA ladder used as a standard-size marker.  Lanes NC and B 

represent a normal and blank control, respectively. 
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2.4 AML1 mutation detected by SSCP and sequencing analysis 

In order to screen for AML1 mutation, SSCP was performed in 414 cases.  All 

mobility patterns of AML patients were compared with normal controls.  Figure 27 

shows SSCP analysis and sequencing analysis of six patients with AML1 mutation in 

exon 3, including one duplication (no. 003), one deletion (no. 549), and 4 cases of C to 

T base substitution (no. 089, 094, 322, and 455).  One duplication within intron 3 (no. 

342), one deletion (no. 565), and two cases of nucleotide substitution in exon 4 were 

shown in Figure 28.  Figure 29 shows one duplication (no. 460) and two insertions (no. 

105 and 219) in exon 4.  Figure 30 shows one case with G to A base substitution in 

exons 5 (no. 514) and two cases of deletion (no.016 and 519) within intron 5.  Several 

different mobility patterns of shifted bands were observed.  The remaining cases did 

not have a mobility shift seen by SSCP analysis. 
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Figure 27  SSCP and sequencing analysis of AML patients with AML1 mutation in 

exon 3.  No. 003 and 549 were found to have duplication and deletion, 

respectively.  C to A base substitution was found in patients no. 089, 094, 

322, and 455.  No.549 was sequenced using reverse primer.  NC was 

negative control, WT was wild-type and MT was mutant. 

 

 

WT :  GCAGAGGAAGTTGGGGCTG 
MT :  GCAGAGAAGTTGGGGCTG 

WT : CGCACTGG C GCTGC AACAA 
MT : CGCACTGG T GC TGC AAC AA 

    089    094    322   455   NC          c.238C>T 

 NC      003 c.231_232dupGC 

   549   NC c.210delC (Reverse primer) 

WT : GCCTACGCACTGGCG 
MT : GCCTACGCGCACTGGCG 
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Figure 28 SSCP and sequencing analysis of AML patients with AML1 mutation in 

intron 3 and exon 4.  A duplication of 5 nucleotides in intron 3 was 

detected (no. 342).  The deletion of one nucleotide and two cases with C to 

T or C to A base substitution were found in exon 4.  Nucleotide sequences 

of no. 342 and 565 were sequenced by selected only mutated AML1 allele 

from SSCP shifted band using reverse primer.  NC was negative control, 

WT was wild-type and MT was mutant. 

NC    342 

WT : TGAGAAATG C TA 
MT : TGAGAAATG A TA 

WT :  CCACCACTAAACACCAG 
MU :  CCACCACTAAACTAAACACCAG 

c.292delC (Reverse primer)

WT :  TCTGGAACATCCCCT  
MT :  TCTGAACATCCCCT 

dup5 in IVS3-5 (Reverse primer) 

WT :  AACTACT C GGCTGAG 
MT :  AACTACT T GGCTGAG 

   NC    006  c.341C>T  

565      NC 

   NC    597  c.359C>A  
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Figure 29 SSCP and sequencing analysis of AML patients with AML1 mutation in 

exon 4.  A duplication of 22 nucleotides and two insertions of 9 nucleotides 

within exon 4 were detected.  Nucleotide sequences of no. 460 were 

sequenced by selected only mutated AML1 allele from SSCP shifted band 

using reverse primer.  NC was negative control, WT was wild-type and MT 

was mutant. 

WT :  GTGGAAGAGG 
MT :  GTGGTCGAAGTGGAAGAGG 

WT  :  GTCGGTCGAAGTGGA 
MT  :  GTCGGTCGGTCCAATAGAAGTGGA 

c.416_417ins9     NC     105  

WT :  TGCTACCGCAGCCATG 
MT :  TGCTACCGGCTGAGCTGAGAAATGCTACCGCAGCCATG 
 

 NC      460 c.343_364dup22 

 219    NC  c.422_423ins9  
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Figure 30 SSCP and sequencing analysis of AML patients with AML1 mutation in 

exon 5 and intron 5.  A deletion of 17 nucleotides in intron 5 (no. 016 and 

159) and G to A base substitution of exon 5 (no. 514) were detected. 

Nucleotide sequences of no. 16 and 159 were sequenced by selected only 

mutated AML1 allele from SSCP shifted band.  NC was negative control, 

WT was wild-type and MT was mutant. 

   016    159    NC 

WT :  CTTGGGGCTGG TACACCCTCCAGGCTGG TACACCCTCCA 
MT :  CTTGGGGCTGG TACACCCTCCAGGCTGG TATA 
 

NC    514  

WT :  TGGGCCCCGAGAACCT 
MT :  TGGGCCCCAAGAACCT 

c.521G>A

del17 in IVS5+41
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2.5 The locations and types of AML1 mutation 
Sixteen Thai adult AML cases had AML1 mutations.  Twelve mutations were 

found, including four known and eight novel mutations as shown in Table 16.  The 

locations of AML1 mutations were analyzed according to the nucleotide sequences of 

AML1b cDNA, GenBank accession no. D43968 using new nomenclature (104).  Four 

of five patients with known mutations had the mutation at c.238C>T (no.089, 094, 322, 

and 455) and the other one at c.521G>A (no.514).  In addition, two known mutations 

were found, including c.343_364dup22 (no. 460) and c.210delC (no. 549).  Eight 

novel mutations were found including one of exon 3, five of exon 4, and one each of 

intron 3 and intron 5.  The novel mutation of exon 3 was c.231_232dupGC (no. 003) 

which generated an immature stop codon at codon 94.  Five novel mutations of exon 4 

were c.341C>T (no. 006), c.416_417insGTCCAATAG (no. 105), 

c.422_423insTCGAAGTGG (no. 219), c.292delC (no. 565) and c.359C>A (no. 597).  

Additionally, one dupTTTAG in IVS3-5 (no. 342) and del17 in IVS5+41 (no. 016 and 

159) were also found.  The missense mutations including c.238C>T, c.341C>T 

c.359C>A and c.521G>A resulted in arginine changing to cysteine, serine to leucine, 

alanine to aspartic acid, and arginine to glutamine, respectively.  Three insertions were 

found including the insertion of “GTCCAATAG” nucleotides at c.416_417 (case no. 

105) which led to the insertion of serine, asparagine and arginine and the insertion of 

“TCGAAGTGG” nucleotides at c.422_423 that caused the addition of arginine, serine 

and glycine (case no. 219).  Additionally, case no. 460 had a duplicated 

“GCTGAGCTGAGAAATGCTACCG” at codon 122 and caused the frameshift mutation 

which generated a stop codon at codon 123.  Our study also found a novel duplication 

of “TTTAG” in intron 3 (dupTTTAG in IVS3-5) in a patient who also had a del(5q) 

by karyotype.  This alteration inserted a new splicing acceptor site.  The novel 

deletions were found in three AML cases including two cases with a 17-bp deletion of 

“TACACCCTCCAGGCTGG” in intron 5 (del17 in IVS5+41) and one with a deletion 

of one nucleotide base at codon 98 (c.292delC) (no. 565).  Additionally, one case with 

a known deletion at codon 70 (c.210delC) was also found.  All cases of AML1 

mutations were heterozygous because each patient could be shown to have one 

mutated allele and one normal allele. 

 



Fac. of Grad. Studies, Mahidol Univ.  M.Sc. (Immunology) / 83   
                     
 
Table 16 The location and type of 16 AML patients with AML1 mutation. 

AML1 mutation 
No. 

Type of 

mutation 

cDNA Predicted Protein 

Exon 

003 Frameshift c.231_2326dupGCa T77fsX94 Exon 3 

089 Missense c.238C>T R80C Exon 3 

094 Missense c.238C>T R80C Exon 3 

322 Missense c.238C>T R80C Exon 3 

455 Missense c.238C>T R80C Exon 3 

342 Frameshift dup5 in IVS3-5a Splicing defect Intron 3 

549 Frameshift c.210delC L71fsX94 Exon 3 

006 Missense c.341C>Ta S114L Exon 4 

105 Insertion c.416_417insGTCCAATAGa R139_S140insSNR Exon 4 

219 Insertion c.422_423insTCGAAGTGGa G141_R142insRSG Exon 4 

460 Frameshift c.343_364dup22 A122fsX123 Exon 4 

565 Frameshift c.292delCa P98fsX105 Exon 4 

597 Missense c.359C>Aa  A120D Exon 4 

514 Missense c.521G>A R174Q Exon 5 

016 Deletion del 17 in IVS5+41a Polymorphism Intron 5 

159 Deletion del 17 in IVS5+41a Polymorphism Intron 5 
a novel mutation 
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2.6 The correlation of AML1 mutation with FAB subtypes 

 Table 17 shows the frequency of AML1 mutation in various AML subtypes 

according to FAB classification.  Three of 98 (3.1%) M1, 2/114 (1.8%) M2, 3/78 

(3.8%) M3, 4/67 (6%) M4, 2/32 (6.3%) M5, and 2/8 (28.6%) of M6 cases had AML1 

mutation.  No AML1 mutation was found in M0 and M7.  The majority of Thai AML 

patients with AML1 mutation were categorized as M4, M5, or M6 subtype.  Fifty two 

normal healthy donors were also screened for AML1 mutation in exons 3-5 and no one 

was found to carry the mutation or polymorphism. 
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Table 17 The frequency of AML1 mutation identified in Thai AML patients (n=414). 
 

AML subtype No. studied 

AML1 

mutation % 

 M0 7 0 0 

M1 98 3 3.1 

M2 114 2 1.8 

M3 78 3 3.8 

M4 67 4 6 

M5 32 2 6.25 

M6 8 2 25 

M7 1 0 0 

Total 414 16 4 
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2.7 Clinical characteristics of AML patients with AML1 mutation 

The main features of 16 patients who were found to have either known (5 cases) 

or novel (11 cases) AML1 mutation were summarized in Table 18.  The majority of 

patients were young to middle-aged adults with the median age of 42 years.  Four 

cases were older than 60 years old and seven patients were younger than 25 years old.  

The WBC counts were mostly below 50x109/L, except for four patients.  The Hb and 

Hct were low with the median of 8.2 g/dL and 25%, respectively.   

 Figure 31 shows the morphologic features of BM from AML-M4 and M6 

patients who were found to harbor AML1 mutation. 
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Table 18 Clinical and laboratory features of 16 AML patients with AML1 mutation. 

 

 

 

 

 

 

 

 

No. AML subtype Age Hb Hct WBC Plt 

003 AML-M4 18/M 9.8 31 272 112 

089 AML-M4 21/M 3.6 12 19.6 10 

094 AML-M5 59/F 7.2 22 31 93 

322 AML-M1 71/M 8.9 29 72 124 

455 AML-M2 58/M 6.7 21 36.7 3 

549 AML-M3 64/M N/A N/A N/A N/A 

342 AML-M1 78/M 8.8 28 9.29 27 

006 AML-M4 40/M 5.7 18 39.7 110 

105 AML-M4 53/F 4.7 15 168 22 

219 AML-M6 24/F 13.5 38 5.07 57 

460 AML-M1 19/M 9 27 37.5 15 

565 AML-M3 70/M 8.1 28 12.8 231 

597 AML-M2 17/M 9.2 27 2.91 28 

514 AML-M3 72/M 9.7 29.4 27.66 9 

016 AML-M5 17/F 10.3 31 154 87 

159 AML-M6 36/F 7 21 7.78 112 
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Figure 31 Morphological features of selected AML patients harboring AML1 

mutation. (A) and (B) were morphologic features of BM in patients no. 

219 and 514, respectively. 

 

A. B.
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2.8 Association of AML1 mutation with chromosomal abnormalities 

 Among 16 patients with AML1 mutation, the chromosomal data was available 

in 15 cases as summarized in Table 19.  Normal karyotype was found in 7 cases.  

Eight of 15 patients (53%) had an abnormal karyotype.  Trisomy 8 was found in 2 

cases of patients with AML1 mutation.  Three cases had chromosome 21 

abnormalities, including one case each of t(8;21) or t(6;21), and one case of 21q+ 

coexisted with monosomy 7.  Additionally, one each of patient with AML1 mutation 

had deletion of chromosome 5 or 9 and one case had monosomy 7.  None of 16 

patients with AML1 mutations had other types of recurrent balanced translocations as 

classified by the recent WHO Classification, i.e. 11q23, t(15;17), inv(16) or the 

Philadelphia chromosome (t(9;22)).  
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Table 19 Chromosome abnormalities in AML patients with AML1 mutations. 

 

No. AML subtype Karyotype FLT3 genotype 

003 AML-M4 46,XY ITD 

089 AML-M4 45,XY, -7,21q+ None 

094 AML-M5 46,XX ITD & TKD 

322 AML-M1 46,XY /47,XY,+8 ITD 

455 AML-M2 46,XY None 

549 AML-M3  N/A None 

342 AML-M1 46,XY, del(5)(q13q22) None 

006 AML-M4 46,XY ITD 

105 AML-M4 46,XX, del(9)(q13q34.2) None 

219 AML-M6  46,XX None 

460 AML-M1 46,XY, t(16;21)(p11.2;q22) None 

565 AML-M3 45,XY, -7 None 

597 AML-M2 46,XY, t(8;21)(q22;q22) None 

514 AML-M3 47,XY, +8  None 

016 AML-M5 46,XX None 

159 AML-M6 46,XX None 



Fac. of Grad. Studies, Mahidol Univ.  M.Sc. (Immunology) / 91   
                     
 

Table 20 shows the frequency of AML1 mutation in each type of chromosomal 

abnormality including 2.6% (1/39) of AML patients with t(8;21), 33.3% (1/3) of 

patients with t(16;21) and 9.1% (1/7) of patients with trisomy 21 or 21q+.  

Additionally, 11.1% (1/9) patients with deletion 9, 15.4% (2/13) of patients with 

trisomy 8 and 12.5% of patients with either monosomy 5 or 7 had AML1 mutation.  

Overall, 3 of 49 patients (6%) with chromosome 21 abnormalities had AML1 mutation.   
 

 

Table 20 The association of chromosome abnormalities and AML1 mutation in 414  

 Thai adult AML patients. 

 

 

 

 

 

 

 

 

 

Karyotype  No. of studied AML1 mutation % 

 t(8 ;21) 39 1 2.6 

+21/21q+ 7 1 9.1 

t(16;21) 3 1 33.3 

-5 8 1 12.5 

-7 16 2 12.5 

del(9) 9 1 11.1 

+8 13 2 15.4 

Normal karyotype 195 7 3.6 
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2.9 Association of AML1 mutation with FLT3 mutation  
Four of 16 patients with AML1 mutation (25%) had coexisting FLT3 mutations 

as shown in Table 19.  The eletrophoresis profiles of four cases with FLT3 ITD 

mutation (no.003, 006, 094, and 322), and one case with TKD mutation (no.094) are 

shown in Figure 32.  Patients with AML1 mutation who had concomitant FLT3 

mutation had a higher WBC count (mean, 104x109/L) than patients who did not.  

Interestingly, one M1 patient with a known AML1 mutation (no.322) and trisomy 8 

was also found to have FLT3 ITD mutation.   
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                                    M   NC   003    006   016   089   094   105   159   219   322   

 

 

                       M   NC  094  003  006  016  089  105  159  219  322  342  460 

 

 

Figure 32 Agarose gel electrophoresis of AML patients with AML1 mutation 

coexisted FLT3 mutation.  (A) AML patients with AML1 mutation 

coexisted FLT3-ITD mutation.  The aberrant ITD products identified as 

the higher molecular weight band than the wild type (no. 003, 006, 094, 

and 322).  (B) AML patients with AML1 mutation coexisted FLT3-TKD 

mutation (no.094).  Lane NC is a negative control.  Lane M is a 100-bp 

DNA ladder used as a standard-size marker. 
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CHAPTER VI 

DISCUSSION 
 

 

AML1 gene belongs to a class of transcription factor genes is frequently 

deregulated in leukemia, mainly through three mechanisms, i.e. translocation, point 

mutation and amplification.  Although the first two mechanisms which are AML1-ETO 

gene rearrangement and AML1 point mutations were predominantly found in AML 

and MDS cases, the last mechanism related to AML1 gene amplification was uniquely 

reported only in patients with ALL (13).  In this study, the two major mechanisms of 

AML1 gene deregulation, i.e. translocation and point mutation were explored in a large 

cohort of Thai adult with de novo AML patients.   

 

With respect to the translocation mechanism involving AML1 gene in AML 

patients, RT-PCR-based assay was developed to detect the AML1-ETO fusion gene.  

The frequency of AML1-ETO fusion gene was found to be 15% among all AML cases 

and the frequency was proportionally higher in AML-M2 subtype (39%).  The AML1-

ETO fusion gene was also found in rare cases of M4 (6%) and M5 cases (13%) by 

morphology and flow cytometry.  These results are in agreement with the frequency of 

AML1-ETO fusion gene reported in the literature as shown in Table 21.  In the 

Japanese series, the frequency of AML1-ETO was between 15-18% of AML cases and 

30-40% of AML-M2 subtype (6, 61).  In Europe and North America, the incidence of 

AML1-ETO fusion gene was also similar to this present study, i.e. 7-15% of all AML 

subtypes and 18-40% in AML-M2 although a lower frequency of 6.8% of all AML 

subtypes was reported from the Brazilian series from South America (105).  In 

Southeast Asia, only data from Malaysia was available (106).  The frequency of 

AML1-ETO was 16.7% of AML cases and 40% of AML-M2 subtype.  In Australia, 

the incidence of AML1-ETO was reported to be 7.4 % of AML and 40% of AML-M2 

subtype (80). 
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Table 21  The frequency of t(8;21) or AML1-ETO in AML patients reported from 

various countries. 

Countries 

% t(8;21) in AML 

(all subtypes combined) 

 

% t(8;21) in AML-M2 

 

Asia 

    Japan (6, 61) 

    Malaysia (106) 

    This study 

 

15-18 

16.7 

15 

 

30-40 

40 

39 

North America and 

Europe 

    USA (74) 

    France (72, 79) 

    UK (117, 118) 

    Denmark ( (110) 

    Italy (109) 

    Sweden (112) 

    Germany (76, 113) 

 

 

7-15 

8-20 

7-12.9 

4.3 

15 

N/A 

12-13 

 

 

18-40 

30-40 

30.8-37 

N/A 

40 

40 

N/A 

South America 

    Brazil (105) 

 

6.8 

 

N/A 

Australia (80) 7.4 40 

N/A not available 
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The clinical and hematologic characteristics of AML-M2 patients with and 

without AML1-ETO were analyzed.  Patients with AML1-ETO fusion gene were 

relatively younger with the median age of only 36 years as compared to 43 years 

(p=0.006) and had relatively lower WBC counts (median, 20.3x109/L) than patients 

without the gene (median, 26x109/L) but not statistically significant.  Previous 

Japanese series also reported a difference of the WBC counts between the two groups, 

but age difference was not found (114).  In the French and Canadian series, the AML1-

ETO gene was also correlated with the young mean age of 24.3 years (72, 115).   

 

To identify the correlation between the immunophenotypes and AML1-ETO 

fusion gene, the expression profiles of each myeloid and lymphoid antigenic marker 

on leukemic blasts based on the selected CD45 and side scatter gates were compared.  

It was found that AML–M2 patients with AML1-ETO displayed a significantly higher 

expression of CD56 and CD117 (p<0.05) than those without.  Previous 

immunophenotypic analysis in the Canadian population have demonstrated that AML 

patients with AML1-ETO (n=18) had a relatively higher expression of CD34, TdT, 

CD19, CD56, and MPO but had a lower CD33 expression than the control group 

(n=387) (115).  The French AML-M1 and M2 series also showed the correlation of 

CD56 but did not find the difference in CD33 expression between the groups with or 

without the fusion gene (72).  The Italian series showed the higher expression of 

CD19, CD34, CD56, CD45RA, and CD54 but lower expression of CD45RO, CD33, 

CD36, CD11b and CD14 between patients with AML1-ETO (n=14) and control group 

(n=79) (109).  One Japanese series reported the higher expression of CD34 and CD19 

with lower CD33 expression in the AML1-ETO-positive group (114).  Although the 

expression of each marker appeared to be somewhat different among each ethnic 

population, the expression of CD56 antigen in AML1-ETO positive patients was 

significantly higher than patients without this fusion gene in every studied ethnic 

population.  CD56 was a known adhesion molecule marker (116) and may thus play 

role in the extramedullary manifestation that occurred more frequently in AML-M2 

(116).  Higher expression of the CD56 antigen was also known to be associated with 

poor prognosis and outcome in patients with AML1-ETO and CD56 expression as 

contrast to patients without CD56 expression (116, 117). 
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The frequency of AML1 mutation in AML was previously reported from Japan, 

France and the United Kingdom as summarized in Table 22.  No data from other 

Western or Asian countries exists with respect to the incidence and type of AML1 

mutation, either in M0 or non-M0 subtypes of AML.  This study represents the first 

large series of AML1 mutation ever reported from the Southeast Asian region and the 

largest in Asia.  As seen in Table 22, the overall incidence of AML1 mutation in the 

French series (n=414) was 10%.  The highest frequency (22%) was observed in M0 

AML followed by 7% in M3, 3% each in M2 and M5, 2% in M4 and none in M1 and 

M6 AML cases (13).  Twelve percentage of the selected cases of the British M0 AML 

had AML1 mutation (82) whereas 16-50% of the Japanese M0 AML did (15, 86, 90, 

91).  One Japanese series (n=131) reported the overall incidence of AML1 mutation of 

4.7% with the highest frequency of 22% in M0 AML (15).  No cases of M3, M4, M5, 

M6 or M7 in this particular Japanese series were found to have AML1 mutation.  In 

present study, the overall frequency of AML1 mutation of 4% was lower than the 

European series but in a close range to the Japanese series.  A high incidence of AML1 

mutation was found in M6 followed by M4 and M5 subtype in our series which is 

strikingly different from other previously reported series in the West and Japan.  

However, it should be noted that very few cases of AML patients in this series were 

identified as M0 and none were found to carry AML1 mutation.  Larger number of M0 

AML cases will be needed to determine the true incidence of AML1 mutation in Thai 

M0 AML.  As no other reports previously described AML1 mutation in M6 patients, 

our study represents the first series to report 2 cases of M6 AML with AML1 mutation, 

both of whom carried a novel mutation. 
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The crystal structure of the runt domain-CBFβ-DNA tertianary complex has 

been recently determined and provides a structural basis for the effects of mutations on 

the biologic function of the AML1 protein as shown in Figure 7, page 26.  The N-

terminal region (exons 3 through 5) of AML1 contains a highly evolutionary 

conserved “runt” domain of 128 amino acids (6).  The runt domain is responsible for 

both DNA binding ability and heterodimerization with the β subunit of core binding 

factor complex.  DNA binding is mediated by 3 loops called loop (βA’-B), loop (βE’-

F), and C-terminal tail in the runt domain, and the amino acid residues (R80, K83, T84, 

R135, R139, G141, R142, G143, I168, T169, V170, D171, R174 and R177) that 

directly contact the DNA were determined (33, 37, 41).  In this study, 13 AML 

patients had mutations clustered within the runt domain, whereas 1 mutation was 

clustered in intron 3 and two in intron 5.  Two known mutations including R80C 

(no.089, 094, 322, and 455) and R174Q (no.514) were also detected.  Previous study 

in Japan found these two mutations in the patients with de novo MDS/AML and/or 

FPD/AML pedigrees.  The functional analysis by the Japanese group demonstrated 

that R80C and R174Q were mapped to the three loops of AML1 and lacked the DNA-

binding potential (13, 84, 86).   

 

A novel duplication of “TTTAG” at the end of intron 3 (dupTTTAG in IVS3-5) 

was also discovered.  This alteration produced a new splicing acceptor site that may 

provide a splicing defect.  Four out of 16 patients with AML1 mutation generated 

frameshift mutation (no.003, 460, 549 and 565) and were predicted to produce a 

premature stop codon that lack C-terminal end of protein products.  Seven patients 

with missense mutations within the runt domain were predicted to loss DNA binding 

ability.   

A novel deletion of “TACACCCTCCAGGCTGG” within intron 5 (del17 in IVS5+41) 

could be due to a rare polymorphism because the deleted sequences were distant to the 

splicing site of both exons 5 and 6.  However, no mutations or polymorphisms could 

be detected in 52 normal healthy donors screened for AML1 mutation in this study.   

 

With respect to karyotype analysis, correlation between AML1 mutation and 

karyotype data was determined.  In this study, a novel AML1 mutation which was 
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A147D was also found in a patient with t(8;21)(q22;q22) by karyotypic analysis.  The 

known AML1 mutation at c.343_364dup22 was also found in a patient with 

(16;21)(p11.2;q22).  This mutation potentially loses the DNA binding potential and 

also lacks the transactivation activity.  Additionally, a known mutation (R107C) was 

found in a patient of 21q+.  It is of interest that point mutation of AML1 gene together 

with chromosome 21 structural abnormalities.  These results suggest that the 

occurrence of the AML1 point mutation might be an additional molecular defect that 

leads to leukemogenesis by its cooperation with chromosomel 21 structural 

abnormalities.  AML1 mutation was also found in 1 of 9 (11.1%) patients with a partial 

deletion of the long arm of chromosome 9, del(9q), and 2 of 13 (15.4%) patients with 

trisomy 8.  No data has previously reported the presence of AML1 mutations with 

del(9q).  Interestingly, del(9q) has been shown to coexist frequently with t(8;21) and 

CML with t(9;22).  In my study, one patient with AML1-ETO gene (6.25%) also had 

del(9q).  This result showed a lower frequency of del(9q) than the previous studies 

from other countries (66, 108).  In Germany, 7 of 51 patients with AML1-ETO (14%) 

had del(9q).  The median overall survival of the patients with del(9q) was significantly 

shorter than in patients with only t(8;21) (118, 119).  Given that chromosome 9 has 

been shown to have a known oncogene such as ABL tyrosine kinase gene, it could be 

speculated that the ABL gene may cooperate with AML1 rearrangement in this 

subgroup of AML patients in order to initiate and propagate the leukemic clone in 

AML patients (119).   

 

To further support the model of multi-step leukemogenesis in AML, I explored 

if the cooperative mutations between FLT3 (Class I mutation) and AML1 (Class II 

mutation) existed in AML patients.  The frequency of FLT3 mutation in this series of 

non-M0 (25%, 4 of 16) was lower than that of M0 cases as reported by another group 

(63%, 5 of 8).  Although the precise mechanism that initiates and propagates the 

leukemic clone in M0 and non-M0 cases is not known, we speculate that some 

common cooperative mechanisms exist in a small subset of patients.  However, a 

unique mechanism that determines the final phenotype of most non-M0 cases (other 

than M2 with t(8;21), M3 with t(15;17) and M4 with inv(16)/t(16;16)) remains to be 

characterized as half of non-M0 AML patients do not have specific chromosomes and 
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molecular markers.  It would be of interest to study further the gene expression profile 

of leukemic cells of patients with AML1 mutation together with or without FLT3 

mutation, in M0 and non-M0 phenotype to determine the set of genes that may be 

differentially expressed.   

 

AML1-ETO and FLT3 mutations were two of the most frequent genetic 

alterations in AML.  AML1-ETO generated by t(8;21) contributes to leukemic 

transformation, but additional events are required for full leukemogenesis.  In animal 

model, experimental data indicates that, AML1-ETO and FLT3 mutations are both 

insufficient on their own to cause leukemia (121).  This study also examined whether 

FLT3 mutation could be the genetic event that is associated with patients harboring 

t(8;21).  Of 16 AML patients with AML1-ETO who were analyzed for the occurrence 

of FLT3 mutations, FLT3-TKD mutation was found in only 1 out of 16 AML patients 

with AML1-ETO (6.25%) and FLT3-ITD was present in none of the patients with 

AML-ETO gene.  The coexistence of AML1-ETO and FLT3 mutations in Thailand was 

much lower than the previous report in Germany (121).  This group found FLT3-ITD 

in 8.1% and FLT3-TKD in 2.2 % of patients with AML1-ETO (121).  Previous study in 

our laboratory appeared to indicate that FLT3 was more likely to cooperate with other 

transcription factor gene, i.e. PML-RARA gene in APL cases (122).  Interestingly, C-

KIT which also belongs to the same family of RTK as FLT3 has been found to occur at 

such a high frequency than FLT3 in AML with AML1-ETO (67).  This data suggests 

that the cooperative genetic events do not occur randomly and the combination of 

genetic events could be very specific for each leukemia subtype.  

 

With respect to the techniques used in this study, cytogenetic analysis was 

found to be quite sensitive for the detection of AML1-ETO gene as all cases with 

t(8;21) had detectable AML1-ETO gene by RT-PCR.  Only one AML-M2 patient with 

a normal karyotype was found to have AML1-ETO.  This data indicated that the 

sensitivity of cytogenetic analysis is comparable to the respective molecular test.  

Although RT-PCR method may have a higher sensitivity in some cases, particular 

variants of t(8;21) such as t(8;10;21) or t(8;10) or other structural chromosome lesions 

could not be identified by RT-PCR.   
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 In conclusion, molecular techniques for the detection of AML1-ETO and AML1 

mutation have now been established in Thailand.  This data suggest that the AML1-

ETO and AML1 mutation detection could easily be incorporated into the routine 

assessment of AML patients as the assay required only PCR and gel electrophoresis.  

These techniques should be useful for further classification and risk-stratification of 

AML patients in Thailand.   
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CHAPTER VII 

CONCLUSION 
 

 

Two major AML1 gene deregulation mechanisms were identified in the large 

cohort of Thai adult de novo AML patients in this study.  Fifteen percentages of all 

AML patients were found to have the AML1-ETO fusion gene.  The majority of 

AML1-ETO-positive AML cases identified by the RT-PCR assay were categorized as 

AML-FAB M2 by morphology and immunophenotypes.  All patients with t(8;21) by 

karyotypic analysis had detectable AML1-ETO fusion gene by RT-PCR.  The unique 

clinical characteristics of AML patients with AML1-ETO fusion gene were their 

relatively young age and low WBC counts at diagnosis, both of which appeared to 

confirm the favorable prognostic impact of AML1-ETO.  With respect to the 

immunophenotypic markers, AML-M2 patients with AML1-ETO had a typical feature 

of myeloid leukemia with high CD34, CD117, CD33, CD13, and CD11c expression.  

Moreover, they also uniquely displayed a significantly higher expression of NK-cell 

marker, i.e. CD56, than those without AML1-ETO.   

 

This study represents the largest series in Asia to study the incidence of AML1 

mutation and also the first series in the Southeast Asian region.  Point mutation of 

AML1 gene is a rare finding and was found in only 4% of 414 AML patients in this 

study.  All AML1 mutations were categorized as non-M0 subtypes, predominantly as 

AML-M4, M5 and M6, which was strikingly different from the predilection for M0 in 

the Western reports.  Interestingly, 8 novel mutations in 9 Thai AML patients 

involving exon 3, exon 4, intron 3, and intron 5 were identified in this study.  The 

most common mutation in Thai population was R80C of exon 3.  Two novel mutations 

were also detected in two patients with AML-M6, the subtype of which had not been 

previously reported in the literature to harbor AML1 mutation.  The clinical 

significance and biological functions of these new mutations require further studies in 

a larger populationA model of multiple cooperative events in acute leukemia was 
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exercised in this study. FLT3 gene was chosen because of its RTK activity which 

belongs to Class I gene mutation that could potentially cooperate with AML1 

transcription factor gene and because of its high occurrence in adult AML cases.  In 

this study, FLT3 mutation was rarely found in AML patients with AML1-ETO fusion 

gene with only one case carrying both AML1-ETO and FLT3 mutation in this study.  

On the contrary, a higher frequency of FLT3 mutation was found in AML cases with 

AML1 point mutations.  Several additional genetic abnormalities were also found to 

coexist in patients with AML1 mutations, supporting the model of multiple cooperating 

events that are critical in the development of AML with AML1 mutations.  Further 

studies of other Class I mutations such as C-Kit should be undertaken in the near 

future to identify the unique genetic events that may be of importance in the 

pathogenesis of acute leukemia that arises in patients harboring AML1-ETO fusion 

gene. 

 

The ability to rapidly detect AML1-ETO fusion gene by a molecular assay 

should help physicians to correctly diagnose a favorable AML subtype, i.e. AML-M2 

in Thailand and hopefully lead to better and appropriate therapeutic intervention.  

Future development of new drugs that target the interaction between AML1, AML1-

ETO and their co-repressors and co-activator complexes may be another venue for 

AML-M2 therapy in a way that is similar to the effect of all-trans-retinoic acid (ATRA) 

on PML-RARa fusion gene in AML-M3 patients.  Moreover, small molecules that 

could potentially stabilize DNA binding might also have therapeutic efficacy in AML 

patients with AML1 mutations, particularly in the cases with mutations associated with 

loss of DNA-binding ability.  The specific inhibitors of the tyrosine kinase function 

such as FLT3 inhibitors might also prove useful in a subset of AML carrying both 

FLT3 and AML1 gene mutations.   

 

As the current chemotherapeutic regimens could cure only a minute fraction of 

adult AML patients, novel strategies based on leukemia gene-targeting approach 

should be actively explored.  The present information of AML1 and FLT3 genetic 

abnormalities should thus provide an important platform to guide us how to use gene-

targeting therapy in Thai patients with AML in the near future. 
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APPENDIX A 
 

 

List of chemicals, instruments, enzyme, DNA markers, and reagents 

 

1. Chemicals 

Chemicals Molecular weight Source 

 (g/ml) 

Absolute ethanol (C2H5OH) 46.07 E.Merck, Darmstadtt, F.A., 

  Germany. 

Absolute methanol (CH3OH) 32.04 E.Merck, Darmstadtt, F.A., 

  Germany. 

Acrylamide (C3H5NO) 71.08 Bio Basic Inc., Toronto, 

  Canada. 

Agarose ((C12H18O9)n)  Seakem, Rockland, USA. 

Ammonium Chloride (NH4Cl) 53.49 Sigma chemical, St, Louis, 

  USA. 

Ammonium persulphate ((NH4)2S2O8 228.20 Sigma chemical, St, Louis, 

  USA. 

Boric Acid (H3BO3) 61.83 USB, Cleveland, USA. 

Bromophenol blue (C19H9Br4O5SNa) 670.00 Promega, Madison, USA. 

Chloroform (CHCl3) 119.38 E.Merck, Darmstadtt, F.A., 

  Germany. 

Citric acid (CHCl3) 210.14 Fissher Scientific, Leics, 

  UK. 

3′-Deoxyadenosine 5’-triphosphate or dATP  579.2 Promega, Madison, USA. 

(C10H12N5O12P3Na4) 

3′-Deoxycytosine 5’-triphosphate or dCTP  555.1 Promega, Madison, USA. 

(C9H12N3O13P3Na4) 
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3′-Deoxyguanosine 5’-triphosphate or dGTP  595.1 Promega, Madison, USA. 

(C10H12N5O13P3Na4)  

3′-Deoxythymidine 5’-triphosphate or dTTP  570.1 Promega, Madison, USA 

(C10H13N2O14P3Na4) 

Ethidium bromide  394.3 Research Organics, 

   Cleveland, USA. 

Ethylenediamine tetra acetic acid tetrasodium  380.2 E.Merck, Darmstadtt, F.A., 

salt or EDTA (C10H12N2Na2O8) Germany. 

Ficoll (Type 400) 400,000 Sigma chemical, St, Louis, 

  USA. 

Formaldehyde solution (Formalin) (CH2O) 30.2 A.N.H Products Ltd.,  

  Bangkok, Thailand. 

Glycerol (C3H8O3) 92.09 BDH Laboratory Supplies  

   Poole, England. 

Hydrochloric acid (HCl) 36.50 E.Merck, Darmstadtt, F.A., 

  Germany. 

Isoamyl alcohol (C5H12O) 88.15 E.Merck, Darmstadtt, F.A., 

  Germany. 

Isopropanol (CH3CHOHCH3) 60.10 E.Merck, Darmstadtt, F.A., 

  Germany. 

N,N’-Methylene-bis-acrylamide(C7H10N2O2) 154.20 Sigma chemical, St, Louis, 

  USA. 

Nitric acid (HNO3) 63.01 E.Merck, Darmstadtt, F.A., 

  Germany. 

Phenol (C6H5OH) 94.11 E.Merck, Darmstadtt, F.A.,  

  Germany. 

Potassium chloride (KCl) 74.56 E.Merck, Darmstadtt, F.A.,  

  Germany. 

Potassium hydrogen carbonate (KHCO3) 100.12 E.Merck, Darmstadtt, F.A.,  

  Germany. 

Silver nitrate (AgNO3) 169.87 E.Merck, Darmstadtt, F.A.,  
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  Germany. 

Sodium acetate (CH3COONa) 82.03 USB, Cleveland, USA. 

Sodium carbonate (Na2CO3) 105.99 E.Merck, Darmstadtt, F.A.,  

 Germany. 

Sodium chloride (NaCl) 58.44 E.Merck, Darmstadtt, F.A.,  

 Germany. 

Sodium dodecyl sulphate  288.38 Bio Basic Inc., Toronto,  

or SDS (C12H25O4SNa) Canada. 

Sodium dihydrogen phosphate monohydrate 137.99 E.Merck, Darmstadtt, F.A., 

(NaH2PO4.H2O) Germany. 

Sodium hydrogen phosphate (Na2HPO4) 141.96 E.Merck, Darmstadtt, F.A.,  

 Germany. 

Sodium hydroxide (NaOH) 40.00 E.Merck, Darmstadtt, F.A.,  

 Germany. 

N, N, N’, N’-Tetramethyl ethylenediamine 166.21 Bio-Rad Laboratories, 

or TEMED (C4H11NO3) Hong Kong. 

Tris (Hydroxymethyl aminomethane) 121.14 USB, Cleveland, USA. 

(NH2C(CH2OH)3) 

Xylene cyanol FF (C25H27N2O6Na) 538.60 Bio Basic Inc., Toronto,  

   Canada. 
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2. Instruments 

 Applied Biosystems 377 DNA sequencer, Applied Biosystems, Foster, USA. 

 Gel documentation system, UVItec, Cambridge, UK. 

 GeneAmp PCR system 2400, Applied Biosystems, Foster, USA. 

 GeneAmp PCR system 9600, Applied Biosystems, Foster, USA. 

 Horizontal gel electrophoresis apparatus, ATTO corporation, Tokyo, Japan. 

 Mini gel electrophoresis apparatus, Labnet international Inc., Edision, USA. 

 Power supplies, E143, 200-400 V, CONSORT, Turnhout, Belgium. 

 UV-transilluminator, FOTODYNE incorporated, Hartland, USA. 

 UV-visible spectrophotometer, Shimadzu UV-160A, Kyoto, Japan. 

 

3. Enzymes 

 Proteinase K, Promega, Madison, USA. 

 Taq DNA polymerase, Promega, Madison, USA. 

 Inmolase Taq DNA polymerase, Bioline, Germany 

 

4. DNA markers 

 100 bp DNA Ladder, New England BioLabs Inc., Beverly, USA. 

 

5. Reagents 

5.1 10x Phosphate buffered saline (PBS) 

NaCl     40  g 

KCl     1  g 

Na2HPO4    0.1  g 

KH2PO4    1  g 

Distilled water to    500   ml 

 The solution was autoclaved for 15 minutes at 121 °C, 15 lb/ inches2 and 

stored at room temperature.  It was diluted to 1x before use. (1x PBS consists of 

137 mM NaCl, 2.7 KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH~7.3). 

 

5.2 10x RBC lysis buffer 
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NH4Cl     0.829  g 

KHCO3    0.1  g 

EDTA     0.0037  g 

Distilled water to   100   ml 

 The solution was autoclaved for 15 minutes at 121 °C, 15 lb/inches2 and 

stored at room temperature.   

 

5.3 70% Ethanol 

   Absolute ethanol   70  ml 

   Sterile distilled water to  100  ml 

 The solution was mixed and stored at –20 °C. 

 

5.4 10 mM Tris-HCl, pH 8.0 

Tris base     12.11  g 

  Dissolved in distilled water and adjusted pH 8 with HCl 

   Added distilled water to   100  ml 

 The solution was sterilized by autoclaving for 15 minutes at 121 °C, 15 

lb/square inches and stored at room temperature. 

 

5.5 0.5 M EDTA pH 8.0 

EDTA     18.60  g 

  Dissolved in distilled water and adjusted pH to 8.0 with NaOH 

   Added distilled water to  100  ml 

 The solution was mixed and stored at room temperature  

 

5.6 TE 20-5 (20mM Tris-HCl and 5 mM EDTA) buffer 

20 mM Tris –HCl, pH 8.0  1  volume 

   5 mM EDTA    1  volume 

 The solution was sterilized by autoclaving for 15 minutes at 121 °C, 15 

lb/square inches and stored at room temperature. 
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5.7 50x Tris-acetate buffer (TAE buffer) 

Tris-base (Sigma)   242  g 

Glacial acetic acid   57.1  ml 

0.5 M EDTA (pH 8.0)   100  ml 

Added distilled water to   1000  ml 

 The solution was mixed and stored at room temperature.  It was diluted to 1x 

before use (1x TAE consist of 0.04 M Tris-acetate and 0.001 M EDTA). 

 

5.8 5x Tris-borate buffer (TBE buffer) 

Tris-base (Sigma)   54  g 

Boric acid    27.5  g 

0.5 M EDTA (pH 8.0)   20  ml 

Added distilled water to   1000  ml 

 The solution was mixed and stored at room temperature.  

 

5.9 10% (w/v) SDS solution 

   Sodium dodecyl sulfate  10  g 

   Added distilled water to   100  ml 

 The solution was sterilized by autoclaving for 15 minutes at 121 °C, 15 

lb/square inches and stored at room temperature. 

 

5.10 2 mg/ml proteinase K in TE 20-5 

Proteinase K    2  mg 

Sterile TE 20-5 buffer   1000  µl 

 The solution was mixed and immediately used. 

 

5.11 Phenol (equilibrated several times with 0.1 m Tris-HCl pH 8.0 and 

 added 8-hydroxyquinoline to 0.1% w/v) 

Liquified phenol   1  volume 
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Added 8-Hydroxyquinoline to a final conc.  0.1% 

 The solution was mixed with equal volume of buffer (0.1 M Tris-HCl, pH 

8.0) and melted at 68 °C.  Then the upper (aqueous) phase was removed until the 

pH of phenolic phase is >7.8 

Added β-Mercaptoethanol to a final conc. 0.2% 

 The phenol solution was mixed and stored in a light tight bottle at 4 °C for 

periods of up to 1 month. 

 

5.12 4 M NaCl solution 

NaCl     23.38  g 

Added distilled water to   100  ml 

 The solution is dispensed into aliquots and autoclaved. 

 

5.13 Chloroform-isoamyl alcohol (24:1) 

Chloroform    24  volume 

Isoamyl alcohol   1  volume 

 The reagents were mixed and stored in the sterile bottle at room temperature. 

 

5.14 mM dNTPs solution (containing 2 mM dATP, 2 mM dCTP, 2 mM dGTP, 

2 mM dTTP), to prepare 100 µl, mix 

   100 mM dATP (Promega)  2  µl 

   100 mM dTTP (Promega)   2  µl 

   100 mM dCTP (Promega)   2  µl 

   100 mM dGTP (Promega)   2  µl 

   DEPC-treated water   92  µl 

 The solution was kept at -20°C. 

 1.3% (w/v) Agarose gel in 1x TAE buffer 

Agarose gel    1.3  g 

1x TAE buffer    100  ml 
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 The slurry was heated in microwave oven until the agarose completely 

dissolved and then poured the warm agarose solution into the gel box.  The gel was 

between 3 mm and 5 mm thick.  It was checked to ensure that there were no air 

bubbles under or between the teeth of the comb. 

 

5.15 6x gel loading buffer 

   0.25%    bromophenol blue 

   0.25%    xylene cyanol  

   15%    Ficoll  (Type 400; Sigma) in water 

 The reagents were mixed them together and stored in aliquots at 4 °C. 

 

5.16 Sample running buffer for single stranded DNA 

Formamide    950  µl 

5% bromophenol blue   10  µl 

5% xylene cyanol   10  µl 

1 M EDTA    20  µl 

  1 M NaOH    10  µl  

 The buffer was aliquoted and stored at 4 °C. 

 

5.17 40% acrylamide:bisacrylamide (49:1) stock solution 

   Acrylamide    39.2  g 

   N, N’-methylenebisacrylamide 0.8  g 

   Deionized water   ~80  ml 

 The solution was dissolved at 65 °C for 10 minutes, filtered through 0.45 mm 

filter and adjusted volume to 100 ml with deionized water and kept at 4°C. 

 

5.18 10% (w/v) Ammonium persulphate (APS) 

   Ammonium persulphate   1.0  g 

   Added distilled water to  10  ml 

 The solution was kept in the vial at 4 °C. 
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5.19 40% Methanol 

Methanol    400  ml 

Added deionized water to   1000  ml 

 The solution was mixed and stored at room temperature. 

 

5.20 160 mM Nitric acid (HNO3) 

70% HNO3    10.19  ml 

Added deionized water to   1000  ml 

 The solution was mixed and stored at room temperature. 

 

5.21 Silver staining solution 

Silver nitrate (AgNO3)  100  mg 

Added deionized water to  50  ml 

 The solution was mixed and used immediately. 

 

5.22 Developer solution 

Sodium carbonate (Na2CO3)  2.1  g 

Added deionized water to  70  ml 

35% Formaldehyde   35  µl 

 The solution was mixed and used immediately. 

 

5.23 Stop solution 

Citric acid    100  g 

Added deionized water to  1000  ml 

 The solution was mixed and stored at room temperature. 

 

5.24 3 M Sodium acetate (NaOAc), pH 4.6 

 Sodium acetate   16.40  g 

 Dissolved in distilled water and adjusted pH to 5.0 with glacial acetic acid 
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   Added distilled water to   100  ml 

 The solution was mixed, and autoclaved for 15 minutes at 121 °C, 15 

lb/square inches and stored at room temperature  
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