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The genetics of chronic myeloid 
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Abstract
Each year, approximately 750 people (commonly >65 years) are di-
agnosed with leukaemia in the United Kingdom (UK). Of every 100 
cases of leukaemia, 15 are diagnosed with Chronic Myeloid Leukaemia 
(CML), also referred to as chronic myelogenous leukaemia. CML is a 
form of cancer affecting immature white blood cells (i.e. leukocytes). 
Individuals with CML present with a raised white blood cell count. 
CML is characterised by the unregulated growth of myeloid cells aris-
ing from a transformed haematopoietic stem cell (HSC). Leukocytes 
serve vital roles in the innate immune system. For example, neutro-
phils (a type of granulocyte) are highly mobile and first responders 
in inflammation. Neutrophils are activated for phagocytosis or the 
release of cytokines, and recent studies have shown their role in neu-
trophil extracellular traps. This article outlines the pathophysiological 
mechanisms and genetic basis underlying the development of CML. It 
also highlights recent advancements in targeted therapies to combat 
disease severity and progression. 

Genetics of Chronic Myeloid Leukaemia
Chronic Myeloid Leukaemia (CML) is part of a group of myelo-
proliferative disorders (MPDs) characterised by the uncontrolled 
proliferation of myeloid cells in the bone marrow. CML is caused 
by a chromosomal translocation between the long arms (q-arms) of 
chromosomes 9 and 22, resulting in the fusion of the 5’ part of the 
Breakpoint Cluster Region (BCR) gene located on chromosome 22 
(22q11) to the 3’ part of the Abelson Murine Leukaemia (ABL1) gene 
located on chromosome 9 (9q34). This leads to the formation of the 
BCR-ABL1 fusion gene on the derivative chromosome 22, also known 
as the Philadelphia (Ph) chromosome. As a result of this reciprocal 
t(9;22) (q34;q11) translocation, the derivative chromosome 9 is longer, 
whilst the derivative chromosome 22 (the Ph chromosome) appears 
distinctly shorter than its normal counterparts, as represented in the 
diagram below (Figure 1)1. 

The resulting BCR-ABL1 fusion gene encodes for the BCR-ABL1 
fusion protein, which has a constitutively active ABL1 protein tyrosine 
kinase. Protein tyrosine kinases (PTK) are the enzymes responsible for 
catalysing the transfer of a phosphate group from adenosine triphos-
phate (ATP) to the tyrosine residues of the substrate proteins. The 
ABL1 PTK is involved in the regulation of various cellular processes, 
including cell differentiation and proliferation, by switching other en-
zymes in the cells on and off. ABL1 is a cytosolic PTK, also referred to 
as a non-receptor tyrosine kinase (nRTK). Furthermore, non-receptor 
tyrosine kinases (nRTKs), a subgroup of the tyrosine kinase family, 
are vital mediators in signal transduction pathways.2 For example the 
Janus kinase (an nRTK), when associating with a cytokine receptor, is 
responsible for transducing signals via the JAK/STAT pathway (com-
posed of Janus kinases ( JAKs) and signal transducer and activator of 
transcription proteins (STATs)), the principal signalling pathway for the 

regulation of cell growth and apoptosis.3 In the bone marrow, excess 
ABL1 tyrosine kinase signalling results in the proliferation of imma-
ture myeloid cells which are resistant to apoptosis,4 a characteristic 
of CML.

Clinical Features
CML presents with different clinical manifestations according to the 
WHO classification and severity of the disease. These inform treat-
ment choice. The phases of CML include the chronic phase (CP), af-
fecting 90–95% of patients with CML; the accelerated phase (AP); 
and the blast phase (BP).5 Individuals with CML-CP may experience 
symptoms of anaemia and splenomegaly (40–50% of patients), which 
include lethargy, malaise, anorexia, early satiety, referred splenic 
pain, and left upper quadrant fullness.6 Rarer clinical features include 
thrombocytopaenia, prolonged coagulation times, thrombocytosis, 
leucocytosis, crystal arthropathies, priapism in males, upper gastro-
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Figure 1. Graphic representation of the translocation of chromosomes 9 and 22 
into the Philadelphia chromosome. Prior to translocation (left), chromosome 9 is 
elongated, with the Abelson Murine Leukaemia (ABL) gene illustrated by a blue 
band, whereas chromosome 22 is truncated, with the Breakpoint Cluster Region 
(BCR) identified as a red band. Post-translocation (right) the Philadelphia chromo-
some and the site of the newly formed BCR-ABL1 oncogene (fusion of BCR and 
ABL genes), following reciprocal translation, as identified by arrowed red and blue 
bands respectively. (Figure 1 adapted from Granatowicz et al. (2014)).1
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intestinal bleeding and ulceration, basophilia, and retinal haemorrhag-
es.6,7 Despite white blood cell (WBC) counts frequently exceeding 
100 x 10^9/L, leukostatic symptoms (i.e. dyspnoea, sedation, ataxia, 
confusion) are uncommon, alongside hepatomegaly (<10% affected), 
global lymphadenopathy, and mucocutaneous disease infiltration.8 

Targeted Therapy
ABL-1 specific tyrosine kinase inhibitors (TKIs), like imatinib, are the 
treatment of choice for CML patients. TKIs block tyrosine kinase ac-
tivity by competitive inhibition of adenosine triphosphate (ATP) at the 
catalytic site of ABL1.10 This assists in the prevention of proliferation 
and promotes apoptosis of CML cells. Imatinib is recommended for 
individuals with Philadelphia chromosome-positive CML presenting in 
the chronic phase (or blast phase, depending on whether the individ-
ual has not received imatinib previously).11 However, some patients do 
not respond to first and second-generation TKIs (including imatinib, 
dasatinib, bosutinib, and nilotinib). This can be due to single point mu-
tations, such as the T315I mutation, resulting in a single amino acid 
substitution from threonine (T) to isoleucine (I) at the amino acid 
residue 315 on the BCR-ABL1 fusion gene.12 This has no effect on the 
structure of the BCR-ABL1 protein; however, due to the absence of 
a hydroxyl group on isoleucine, TKIs are unable to create hydrogen 
bonds with the mutated BCR-ABL1 protein. Isoleucine is larger than 
threonine and extends over the hydrophobic pocket (or “gatekeep-
er”) at residue 315, which blocks the entry of TKIs into the active site.13

Ponatinib is a dual kinase inhibitor14 that was designed to selectively 
inhibit the non-receptor tyrosine kinase, proto-oncogene c-Src and Abl 
family tyrosine kinases, as well as the BCR-ABL1 tyrosine kinase with 
the T315I mutation. Ponatinib differs from first- and second-generation 
TKIs due to a triple bond ethynyl linker. This allows Ponatinib to span 
the isoleucine molecule to prevent it blocking the enzyme’s active site.

All structures are optimised by the addition of trifluoromethyl and 
4-methylpiperazine for the inhibition of the BCR-ABL protein. Addi-
tionally, hydrogen bonds are made available by the binding of an amide 
linkage to multiple residues, such as the carbonyl group of the amide 
linkage, with residue D381. Due to these optimisations, Ponatinib is 
highly versatile and effective in potently inhibiting native and mutant 
forms of BCL-ABL1 and has a stronger potency to inhibit tumour 
growth. Caution is advised, as Ponatinib may increase an individual’s 
risk of infection and bruising in the extremities due to a reduced white 
blood cell and platelet count. Possible side effects of TKIs include 
fatigue, weakness, appetite loss, and swelling and discolouration of 
the skin.15 

Furthermore, omacetaxine mepesuccinate, a recently approved 
chemotherapy drug, is prescribed to individuals with accelerated 
phase CML and to individuals resistant to multiple CML targeted- and 
immune-therapies.16 The drug is designed to inhibit ribosomal pro-
tein translation by interacting with the free ribosome and then em-
bedding into the A-site of the large ribosomal subunit. This prevents 
complementary base pairing that is necessary between mRNA and 
tRNA molecules, ultimately inhibiting the initial phase of translation.17 
However, the side effects of this agent are severe and include nausea, 
fatigue, diarrhoea, anaemia, and potential skin irritation or infection.8 

Interferon (IFN) therapy has been recently re-introduced alongside 
chemotherapy as a treatment option. Unlike TKIs, IFNs specifically 
target leukemic stem cells and CML progenitors.18,19 Although IFNs 
are known primarily for their ability to protect cells from an infec-
tion caused by a virus, they can directly inhibit cell proliferation and 
promote cell apoptosis. For example, IFN-alpha, which is produced in 
a white blood cell infected with a virus, can express over 300 genes 
encoding apoptotic proteins (i.e. anti-viral proteins).18 Furthermore, 
IFNs are able to target regulators in the cell cycle, and to an extent, 
block specific phases in the cell cycle, causing cells to undergo apop-
tosis. Likewise, IFNs have also proven vital when incorporated with 
transfer therapy (i.e. TKIs), as two recently published case reports20,21 
identified a complete eradication in cases with resistance to TKIs via 
the T3151 mutation.

Conclusion
In summary, there are many emerging therapies for the management 
and hopeful cure of CML; however, the impact and significance of 
TKIs as the main treatment option cannot be understated. TKIs have 
transformed CML from an invariably fatal disease, unless a bone mar-
row transplant was performed, into a relatively manageable condition 
consisting of a pill taken once or twice daily, with fewer side effects 
than chemotherapy.22 Since the introduction of TKIs, 80–90% of in-
dividuals diagnosed with chronic phase CML no longer appear with 
detectable levels of cells with the BCR-ABL gene, and the five year 
survival rate for CML has tripled from 22% in 1970 to 72% in 2000.23 
Newer studies have indicated that TKI therapy can be stopped fol-
lowing successful molecular remission, and roughly half of patients 
remain disease-free for many years thereafter.24,25 Furthermore, the 
effective advancement of CML therapy, deeming it the “poster child” 
of precision medicine, would be unattainable without an in-depth un-
derstanding of the genetics underpinning the causes of CML: a chro-
mosomal translocation of chromosomes 9 and 22 resulting in the 
formation of the Philadelphia chromosome. 

References

1.	 Granatowicz A, Piatek CI, Moschiano E, El-Hemaidi I, Armitage JD, Akhtari M. An 
Overview and Update of Chronic Myeloid Leukemia for Primary Care Physicians. Korean 
J Fam Med. 2015 Sep;36(5):197-202. Figure 1, The Philadelphia chromosome. ABL, Abelson 
murine leukemia; BCR, breakpoint cluster region.

2.	 Vlahovic G, Crawford J. Activation of tyrosine kinases in cancer. Oncologist. 
2003;8(6):531-8.

3.	 Rowlings JS, Rosler KM, Harrison DA. The JAK/STAT signalling pathway. J Cell Sci. 2004 
Mar 15;117:1281-

Figure 2. Graphic representation of the mechanism of inhibition of the Breakpoint 
Cluster Region (BCR)-Abelson Murine Leukaemia (ABL) gene by imatinib (Tyrosine 
Kinase Inhibitor (TKI)) in chronic myeloid leukaemia (CML). A (left) illustrates the 
substrate-bonded BCR-ABL oncoprotein with adenosine triphosphate (ATP) in its 
kinase pocket. The activation of the substrate is identified by the phosphorylation 
of a tyrosine residue which causes the downstream phosphorylation of effectors, 
contributing to increased cell proliferation and decreased apoptosis. B (right) 
demonstrates the occupation of the kinase pocket and ATP inhibition by imatinib, 
preventing the activation of its substrate and potential downstream effectors 
(Figure 2 adapted from Savage & Antman (2002)).9 

Phosphorylation

Tyrosine 
Residue 
(T)

ATP

BCR-ABL

A

Chronic Myeloid Leukaemia

Substrate

Substrate

E�ector

T

Tyrosine 
Residue 
(T)

Imantinib

BCR-ABL

B

X
Chronic Myeloid Leukaemia

Substrate

Substrate

E�ector
T



	 14	 		  14	

nzmsj The New Zealand Medical Student Journal	  Issue 34 • June 2022

4.	 Maguer-Satta V. CML and apoptosis: the ceramide pathway. Hematol Cell Ther. 1998 
Oct;40(5):233-6.

5.	 Flis S, Chojnacki T. Chronic myelogenous leukemia, a still unsolved problem: pitfalls and 
new therapeutic possibilities. Drug Des Devel Ther. 2019 Mar 8;13:825-43.

6.	 American Society of Clinical Oncology. Signs and Symptoms of Chronic Myeloid 
Leukemia [Internet]. USA: American Cancer Society; [updated 2018 Jun 19;cited 2020 Oct 
26]. Available from: https://www.cancer.org/cancer/chronic-myeloid-leukemia/detection-
diagnosis-staging/signs-symptoms.html#references

7.	 Huang PK, Sanjay S. Visual Disturbance as the first symptom of chronic myeloid 
leukemia. Middle East Afr J Ophthalmol. 2011 Oct;18(4):336-8.

8.	 Jabbour E, Kantarjian H. Chronic myeloid leukemia: 2918 update on diagnosis, therapy 
and monitoring. Am J Hematol. 2018 Mar;93(3):442-459.

9.	 Savage DG, Antman KH. Imatinib Mesylate — A New Oral Targeted Therapy. N Engl 
J Med. 2002 Feb 28;346(9):683-93. Figure 2, Mechanism of Action of BCR-ABL and of Its 
Inhibition by Imatinib.

10.	 Arora A, Scholar EM. Role of tyrosine kinase inhibitors in cancer therapy. J Pharmacol 
Exp Ther. 2005 Dec;315(3):971-9.

11.	 National Institute for Health and Care Excellence. Dasatinib, nilotinib and imatinib for 
untreated chronic myeloid leukaemia (technology appraisal guidance TA426) [Internet]. 
United Kingdom: NICE; 2016 Dec 21[updated 2019;cited 2016 Dec 21]. Available from: 
https://www.nice.org.uk/Guidance/TA426.

12.	 Shaver A, Jagasia M. BCR-ABL1 c.944C>T (T315I) Mutation in Chronic Myeloid 
Leukemia [Internet]. Nashville, Tennessee: My Cancer Genome;2014 [cited 2014 Aug 
7]. Available from: https://www.mycancergenome.org/content/disease/chronic-myeloid-
leukemia/bcr-abl1/231

13.	 Miller GD, Bruno BJ, Lim CS. Resistant mutations in CML and Ph(+)ALL – role of 
ponatinib. Biologics. 2014 Oct;8:243-54.

14.	 O’Hara T, Pollock R, Stoffregen EP, Keats JA, Abdullah OM, Moseson EM, et al. Inhibition 
of wild-type and mutant Bcr-Abl by AP23464, a potent ATP-based oncogenic protein kinase 
inhibitor: implications for CML. Blood. 2004 Oct 15;104(8):2532-9.

15.	 Mughal TI, Schrieber A. Principal long-term adverse effects of imatinib in patients with 
chronic myeloid leukemia in chronic phase. Biologics. 2010 Dec;4:315-23.

16.	 Zhou H, Xu R. Leukemia stem cells: the root of chronic myeloid leukemia. Protein Cell. 
2015 Jun;6(6):403-

17.	 Ghandi V, Plunkett W, Cortes JE. Omacetaxine: a protein translation inhibitor for 
treatment of chronic myelogenous leukaemia. Clin Cancer Res. 2014 Apr 1;20(7):1735-40.

18.	 Chawla-Sarkar M, Lindner DJ, Liu Y-F, Williams BR, Sen GC, Silverman RH et al. 
Apoptosis and interferons: role of interferon-stimulated genes as mediators of apoptosis. 
Apoptosis. 2003 Jun;8(3):237-49.

19.	 Westerweel PE, Te Boekhorst PAW, Levin M-D, Cornelissen JJ. New approaches and 
treatment combinations for the management of chronic myeloid leukemia. Front Oncol. 
2019 Aug 6;9:665.

20.	 Ilander M, Koskenvesa P, Hernesniemi S, Lion T, Porkka K, Mustjoki S. Induction 
of sustained deep molecular response in a patient with chronic phase T3151 mutated 
chronic myeloid leukemia with interferon-alpha monotherapy. Leuk Lymphoma. 2014 
Apr;55(4):934-7.

21.	 Itonaga H, Tsushima H, Hata T, Matsuo E, Imanishi D, Imaizumi Y, et al. Successful 
treatment of a chronic phase T3151 mutated chronic myelogenous leukemia patient with a 
combination of imatinib and interferon-alpha. Int J Hematol. 2012 Feb;95(2):209-13.

22.	 Cortes J, Kantarjian H. Chronic myeloid leukemia: sequencing of TKI 
therapies. Hematology Am Soc Hematol Educ Program. 2016 Dec 2;2016(1):164-9.

23.	 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer Statistics, 2021.	ACS Journals. 2021 
Jan;71(4):7-33.

24.	 Kumar P, Clark M. Kumar & Clark’s Clinical Medicine. 9th ed. Netherlands: Elsevier; 2016.

25.	 National Institute for Health and Care Excellence. Tigecycline: Drug Action [Internet]. 
UK: NICE; 2020 [cited 2020 Oct 26]. Available at: https://bnfc.nice.org.uk/drug/tigecycline.
html

Author Information:

	> Alexander Wellington is currently studying a Masters in Biochemistry (MBiochem) at 
Cardiff University. He is interested in pursuing a career in medicine, and in particular, endo-
crinology and diabetology. His passions include volunteering; he is a Member of the Wales 
Advisory Council on Diabetes and Founder of the first educational programme on Type 1 
Diabetes in Wales.

https://www.cancer.org/cancer/chronic-myeloid-leukemia/detection-diagnosis-staging/signs-symptoms.html#references
https://www.cancer.org/cancer/chronic-myeloid-leukemia/detection-diagnosis-staging/signs-symptoms.html#references
https://www.mycancergenome.org/content/disease/chronic-myeloid-leukemia/bcr-abl1/231
https://www.mycancergenome.org/content/disease/chronic-myeloid-leukemia/bcr-abl1/231
https://bnfc.nice.org.uk/drug/tigecycline.html
https://bnfc.nice.org.uk/drug/tigecycline.html

